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ABSTRACT 
Air Pressures Over Reservoir, Canal, and Water-
Catchment Surfaces Exposed to Wind 
by 
Allen Ray Dedrick 
Utah State University, 1973 
Major Professor: Dr. Larry G. King 
Depa rtment: Agricultural and Irriga tion Engineering 
Surface air pressure differentials that occur over reservoirs, 
canals, and water - catchment aprons in high- wind conditions were 
determined by the use of models in a wind tunnel. Such information 
was needed concerning the magnitude and location of destructive 
wind forces on water barriers constructed of exposed flexibl e membrane 
liners. Rigid models, without a membrane, were used to measure air-
pressure differentials. 
Air-pressure differentials were dependent on geometric configura-
tion and were independent of viscous forces above the critical 
Reynolds number which was determine d experimentally. The geome tric 
factors studied with respect to reservoir s and canals included approach 
slope, approach slope length, le eward slope, and breadth-depth ratio. 
Those pertaining to water-catchment aprons included breadth-berm 
height ratio and berm shape. 
On the leeward slope of reservoirs, favorable (positive) 
differential pressures were more apt to occur as the approach and 
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leeward slopes decreased (became less steep), but extreme adverse 
(negative) pressures occurred under th e same conditions near the top 
edge of the slope. As the l eeward slope increased the pressur e 
coefficient values were essentially constant over the entire surfac e . 
On the reservoir bottom, adverse pressures did not exist when approach 
and leeward slopes were at the minimum evaluated (1:4). When the 
leeward and approach slopes increased the average pressure on the bottom 
became less favorable. The most adverse pressure coefficients generally 
occurr ed at the toe of the leeward slope, while maximum favorabl e 
pressures on the reservoir bottom generally occurred at the toe of the 
downwind slope. In most instances, the pressure on the downwind slope 
was favorable; however, adverse pressures were recorded near the top 
edge of the slope. These adverse or negative pressure conditions were 
mor e apt to occur as the breadth-depth ratio increased and the l eeward 
slope decreased. 
Avera g.e pressure values on the interior surface of canals were 
genera lly less adverse than for r e s ervoirs. Similar to the reservoirs, 
the most adverse pressures on the leeward slope of the canals were 
found immediately over the upper edge of the slope. Extreme adverse 
pressures on the canal bottom were associated with long and steep 
approach slope conditions. One excep tion was the occurrence of the 
most favorable pressure over the canal bottom when the approach slope 
was short but still steep. In addi tion to measurement of adverse 
pressures near the top edge of th~ downwind slope, adverse pressures 
were found near the toe of the slope in some instances . The portion 
of the downwind slope under an adverse pressure influence decreased 
as the br ead t h-depth ratio increased. 
Generally, pressures over a cana l were more responsive t o the 
approach slope and approach slope height than to l eeward slop e and 
breadth-depth ratio . For a r es erv o ir, however, pressures were 
responsive t o all geometric factors , depending on which section of 
the reservoir was being considered. 
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Pr es sure distributions over wa t er-catchment aprons were independen t 
of breadth-berm height ratios of 50 or gr eater. Negative pressures 
were lower ove r gradual sloped catchment berms by a factor of t hree than 
ove r sine -shap ed berms. Each b erm shape, on the leeward side of t he 
upwind berm, had a pr e ssure distribution associated with it tha t was 
the s ame as far as shape but was different in magnitude depending on 
the shape of t he windwar d side of t he berm. Pressures were l ess adverse 
on the leeward side of the berm, if the windward side were gr adually 
sloped . Pressures were near zero t o slightly favorable over a l ar ge 
port ion of t he water-catchment apron be tween the berm toes. This near 
stable favorabl e condition might change significantly, if site conditions 
were to change. 
(213 pagQs) 
INTRODUCTION 
Need for Research 
In recent years the use of flexible membrane and film for controlling 
seepage in reservoirs and canals and for waterproofing catchment areas 
for the collection of precipitation has been increasing. Some exposed 
membranes have been damaged by forces t ha t developed during high winds 
(Ree et al., 1971). Several wind-lift problems associated with exposed 
linings have been noted .in Hawaii, especial l y on water - harvesting 
catchments (Wisdom, 1972). 
The major wind damage problems generally occur prior to filling a 
pond or reservoir wi th water; or, in cases of temporary storage , when 
the facility is normally empty. An increased number of normally empty 
r eservoirs will likely be used in the future as safety overflow storage 
systems for highly contaminated waters. Canals may be empty during part 
of the year due to irrigation demand changeso Water - catchment aprons are 
normally not covered with water and are exposed to wind most of the time. 
In many instances membrane - lined reservoir , canal, or water-catchment 
apron specifications require soil, sand, gravel, and other materials to 
mechanically weight the membrane to insure stabili t y during high winds 
(Finley, 1970) . In other cases, negative air pressures have been exerted 
on th e underside of membrane liners using suction cowls similar to t hose 
used in natural ventilation drying of stored grain. The suction cowls, 
which utilize the wind for producing negative pressure, often make use 
of a rotating turbine in the ventilator. Physical damage by wind has been 
effec tive ly reduced when water-harvesting catchments have been construct ed 
by bonding the film t o the soil surface with sprayabl e asphalt emulsion 
(Fra sier a nd Myers, 1972). 
Little information, however, is available concerning the magnitude 
and location of destructive lift forces on a membrane-lined system . If 
systems lined with exposed flexible membranes are to be used successfully 
in the future, adverse wind forces and where they occur need t o be 
de t ermined so that proper design techniques and control measures can be 
devised. 
It was proposed that air pressure differentials that occur ove r 
reservoir, canal, and water - catchment aprons in high - wind conditions 
could best be evaluated by the use of models in a wind tunne l . Further, 
it was believed that a rigid model surface (without a membrane) would 
adequately serve to measure this air pressure differential. 
Objective 
The objective of the study was to determine surface air pressure 
dif fe r entials of various geometric configurations of reservoirs, canals, 
and water-cat chment aprons when exposed to wind. 
REVIEW OF LITERATURE 
Fl uid Mechanics 
Two basic equations of fluid flO\v are neces sary when studying 
subsonic wind flow past a model in a wind tunn e l or the flow between 
locations within a wind tunn e l. They incl ud e the equation of cont inuity 
and the elementar y energy e quation (co~nonly referred to as the Bernoulli 
equation). 
The equat ion of continuity (Rouse, 1957) is 
Q VA 
where Q is the volume rate of flow (L3T-l), Vis velocity (LT- 1 ), and A 
is area (1 2). This form of the continuity equation is a simplification 
of Lhe mor e basic relation 
Q jvdA 
which implies t hat velocity can vary across the section and nece ssarily 
involves a sec tion t hat is normal to the direction of flow a t every 
point. It must also be kept in mind tha t turbulence, nearly a l ways present 
in fluid flow, t ends t o complicate the flow. The flow in a wind tunnel 
is no exception. When turbulence exi sts, it is customary t o r epr esent 
stream lines (or stream tubes ) by the average pattern o f mo t ion. This 
is done throughout this dis s er tation. 
The energy equation (Bernoulli equation, Rouse, 1957) can be 
expre sse d a::; 
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Pl + pVl2/2 = p2 + pV22/2 
or P2 - Pl = p(vl2 - v22)/2 
in which Pis pressure (FL-2), Vis ve locity (LT- 1 ) , p is fluid density 
(FT2L-4 ), and the subscripts and 2 denote diffe rent points along a 
stream tube. The derivation of the equa tion is shown in de tail as 
Appendix A. 
This equation indicate s that as velocity increases above a value 
V1 within a fluid the pressure P2 decreases (and vise versa) and must 
correspond to the product of p/ 2 and the negative difference in the 
velocity squared. It can be seen from the equation that a pressure 
increase is limited to (P2 - P1 ) = pv1 2;2 (when v 2 equals zero 
(P2 - P1) is termed stagnation pressure) while a pressure decrease is 
unlimited. 
The equation of continuity and energy equation describe the general 
conditions of flow throughout a continuous fluid. Whenever the boundary 
of an object curves in such a way as to produce deceleration of the fluid 
or the boundary is angular, a discontinuity in the flow occurs. This 
discontinuity is known as flow separation (Rouse, 1957) . The region 
downstream of a point of separation is referred to as the wake in which 
turbulent edd ies are formed and result in reverse flow. A stream line 
which leaves the boundary of an objEct at the point of separation is 
known as the stream line of separation and divides the oncoming flow 
from the wake region. The stream line acts as a new boundary outside of 
which the previously described equations can be used to describe the 
velocity and pressure conditions of the flow field. The equations cannot 
be applied across the stream line of separation. Within the wake, the 
mean pr essure is essentially the same as that at the s e par a tion point ~ 
Hence, the pressure within the wake can be considered to be a function 
of the velocity at separation (if velocity a t separation hi gh, t hen a 
low pressur e would result in the region of the wake) . 
Wind Characteristics 
The natural movement of air near the surface of the earth is 
complex in its makeup. The air motion, wind, is influence d by the 
friction on a surface (viscosity) and turbulence (Davenport, 1967) . 
The viscosity of the air results in a characteristic wind velocity 
profile or boundary layer profile (Figure 1). Boundary layer profiles 
generally can be fitted by an exponential function ~~ = [ ~] ex ' where VG 
is wind velocity at height Z, Vc is the gradient wind velocity or 
freestr e am velocity (independent of terrain roughness) above the 
boundary layer, and a ' is an exponent dependent upon the roughness of 
the terrain (Davenport, 1967). Representative values of ex ' and Zc are 
(Davenport, 1967): 
ex ' Zc (ft) 
Flat open country . 16 900 
Rough wooded country . 28 1300 
city suburbs 
Heavily built-up urban .40 1400 
centers 
The wind turbulence is characterized by both intensity and scale. 
It is convenient when describing turbulent flow to separat e it into a 
mean motion and into an instantaneous fluc tuation (Schlichting, 1960) . 
No viscosity 
Free 
stream 
Boundary 
layer ZG 
With viscosity 
Figure l. Diagram showing changes of velocity in 
Boundary 
layer 
profile 
a uniform str eam due to viscosity (friction) 
on a sur face "AB ". 
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Denoting the time average of the x - component of veloci t y by u a nd t he 
fluctua tion by u', the following velocity components result: 
u = U + u' ; v = V + v' ; and w W + w '. 
Sta t i stical parameters are generally us ed to describe t he velocity r ecord 
of t urbu l ent flow . The root mean square of the ins tantaneous velocity 
fluctua t ions u', v', and w' at a point is known as intensity (Taylor, 
1935). The turbulence intensit ies i n the three co - ordinate directions 
may be defined mathematicall y by the equations: 
u' (u'2)1/2 
v' (v'2)1/2 
w' (w'2)1/2 
a nd re lative turbulence intensity o f the total fluid stream by: 
I [(u .2 + ;;•2 + ;;;•2)/3] 1/2 
v 
whe re V is the mean velocity of the primary motion. 
A corre lation coefficient of longi tudinal fluctuations ui and u 2 
at two points whose transverse distance is y may be writte n involving 
one turbulent-velocity component at each point 
R(y) uJ. u; 
~ 
Such corr e lation coefficients are used to define the scales 
of turbulence at a point . The integral scale of turbulence would be: 
L' ,CR(y) dy 
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Scales of turbulence could be defined for other directions. The scal e 
of turbulence is a measur e of the size (length) of the turbulent 
fluctuations (eddie s). The radius of curvature of the curve of correlation 
versus distance as the distance between the points approaches zero 
(Taylor, 1935) is considered to be a measure of the size of the small e st 
eddies (microscale). Hence, the turbulent properties of flow can be 
described by the spatial variation of the intensity, scale, and 
microsca l e of the secondary mo tion of the fluid. 
Significant differences in mean pressures on structures obtained i n 
uniform and turbulent boundary layer flows have been reported by Jensen 
and Franck (1965). The most marked differences have been associated with 
structures projecting up into a turbulent boundary l ayer. A decreased 
positive pressure resulted and is due to the velocity gradient with 
he i ght. Reductions in suction along the roof and back of a building 
were also noted when measured in a turbulent boundary layer . The se 
effects would be minimized, however, when considering objects that 
actually lie below the normal ground surface. Reservoirs and canals 
would fall into this category, while catchments would be at the ground 
surface. Due to the physical location of the objects being studied , no 
attempt was made to model the detailed wind characteristics in the 
wind tunne l studies reported in this dissertation~ 
The reduction of wind velocity near the ground would result in 
smaller pressure variations than would be measured in a near constant 
velocity air stream in t he wind tunnel. Hence, studies made in a constant 
velocity ai~ stream will approach limiting pressure values . Rou ghness 
of the model surface would have an e ffect on the flow patterns, but 
sharp discontinuities that exist with the mode ls studied t end t o produce 
constant fl ow pa tterns tha t ar e independent of roughness and viscous 
eff ec ts. 
Effec t of Geometric Shap e of Structures on Wind Forces 
Much research has been dire ct ed toward eval uatin g the effect of 
wind forces on structur es. Th e s e studie s have included ex t ensive wind -
tunnel inves ti gations, as well as some limited measurements of ac tual 
prototype situations . Th e investi gations have resulted in the development 
of design standards for various structures (National Bureau of Standards, 
1972) . 
Th e r eservoirs, canals, and catchment aprons reported on herein 
have certain geometric characteristics tha t are somewhat similar to those 
of buildings. Some of the findings associated with buildin gs may be 
helpful in describing what might be expected when geometric factors of 
the systems to be studied ar e changed . 
In a wind-tunnel investi gation of the pressure distribution on 
elementary building forms (Howe, 1952), the effect of building geome tric 
shape was evaluated. The tests were conducted with building models 
suspended near the center of the wind-tunnel t est section without 
mod ification of the wind structure characteristics . 
The angle of i nclination of the r oof had a major effect on 
pressure distribution over the roof . The effect of roof inclinations 
overshadowed that of building proportion, although in general long , high 
buildings we r e found to be subj ect to considerably higher n egat i v e 
pres sure s than short , low forms . 
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Average negative pressures on the windward portion of the roof were 
greatest a t the l eading edge of flat-roofed buildings and at the ridge of 
steep roofs . The negative pressures decreased as inclination increased, 
both on the windward and leeward roofs, especially when the incline 
changed from 0° to 15°, Changes were less when inclines increase d up 
to 45° . 
Th e effect of building proximity was also evaluated (Howe, 1952) . 
The variables were somewhat restrict ed , but it was concluded that the 
pres ence of an adjacent building may cause greater ne gative pressures on 
some areas of walls than would occur on the same walls were the building 
isolated . 
In wind-tunnel studies on gabled roofs, Pris (1963) found that the 
pressure coefficients at a roof pitch angle of 10° became less ne ga tive 
when moving from the ridge to the edge of the leeward side of the roof. 
This was true for various building proportions . However, when the roof 
pi t ch was increased to 20°, the pressure coefficient was essentially 
constant on the leeward part of the roof . The average pressure force 
on the leeward side was about the same for both pitch angles. 
These studies would suggest that steep approach berms to r eservoirs 
or canals migh t serve to minimize local extreme negative pressures on 
the system. Also, any disturbance to the natural wind patch may create 
negative pressure values markedly different from those reported 
throughout this dissertation. 
SIMILITUDE 
General Revi ew 
In engineering pract ice hardly any new structure is constructed 
until a model of the structure has been built and proved satisfactory 
for the purpose r equired. For e conomic reasons, the models general ly 
are smaller t han the final structure , The principles which underlie 
the design and construction, as we ll as the interpretation of test 
results acquired from the model, comprise the theory of similitude . 
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The theory of similitude includes a consideration of the conditions under 
which the behavior of two separate entities of systems will be similar, 
and the techniques of accurately predicting results on the one from 
observations on the other (Murphy, 1950). 
Generally, an engineer interested in developing a new structure 
or machine has three genera l means available for prediction of the 
behavior of the system: 
(l) From an adequate series of observations there may be established 
a set of rules, a hypothesis , or a law which is sufficiently general t o 
permit predictions with the desired degree of accuracy . Newton's 
Laws of Motion are examples of this generalized statement. Many times, 
associated with the generalized statements, a large number of observations 
and extremely careful analysis of more than two or t hree significant 
independent variables may be involved. 
(2) From a series of observations on the actual structure involved 
and the assumption that its basic characteristics will not alter, its 
performance in the future may be predicted with a reasonable degr ee of 
certainty . This procedure is referred to as the cut-and-tr y process. 
Its use is limited to the design of small systems in which al t eration 
t o the final system would not be costly. 
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(3) Observations may be made on models, usually smaller, less 
expensive, and more easily alter ed than the one fo r which the character-
istics are t o be established . It is necessary to distinguish between 
the final system (prototype) and the model of the final system. By 
definition, the prototype is the system, while the model is any system 
that is similar to the prototype (Skoglund, 1967) . From the observa t ion 
on the model, t he performance of the prototype may be predicted, provided 
that the model and final system behave similarly, qual itatively, and 
that a quant itative relationship can be es t ab lished between them. There 
are three general classes of models: (a) Geometrically similar. The 
model is a scale reproduction of the prototype; (b) Distorted. The 
model is a reproduction of the prototype, but two or more scales are 
used; (c) Dissimilar. There is no direct resemblance between mode l and 
prototype . 
Models are particularly well adapted to aid in the design of large, 
expensive, or complicated units, but their satisfactory use requires a 
clear understanding of the principles involved in the r elationship 
between model and prototype. The principle object ives of the theory of 
similitude are to establish those relationships necessary to permit 
reliable predictions to be made from observations on models, and to 
es tablish the type of relationship existing among the variables involved 
in any physical phenomenon in order that the most pertinent data may be 
secured systematically . 
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The theory of similitude is developed by dimensional analysis. 
Dimensional analysis involves a consideration of the dimensions in \vhich 
each pertinent quantity in a phenomenon is expressed (Murphy, 1950) . 
It is attributed to Buckingham (19 14) and Lord Rayleigh (1915). 
Dimensional analysis is based on two axioms that are inherent to our 
methods of meas ur ement and eval uation of qu antiti es. 
Axiom l. Absolute numerical e quality of quantiti es may exist 
only when the quantities are similar qualitatively. 
Axiom 2. The ratio of the magnitude s of t wo like quant i ties is 
independent of t he units used i n their measurement, provided that the 
same units are used for the evalua t ion of each . 
Dimensional analysis differs from other types of ana l ysis in 
that it is based solely on the relationsh ips that exist among the 
pertinen t variables becaus e of their dimensions. Dimensional analysis , 
by itse lf, gives qualitative information only , but when combined with 
experimen t a l observation can produce meaningful quant i t ative infor mation 
a lso. 
A distinction must be made between primary and derived variables. 
Primary variables are those which have the same nature as the primary 
units (Skoglund, 19 67). They are mass (or force), l ength, time, and 
t emperatur e. Secondary or derived variables are related to the primary 
var i ables by an equation or set of equations. Variables such as 
velocity or acce leration are derived variables related to t he primary 
variables l en gth and time . 
A dimensional analysis of the variabl e s (either primary or 
derived) r equir ed t o explain a phenomenon results in dimens i onles s 
groups of the var iabl es. The dimensionless gr oups are referred to as 
Pi (rr ) terms and can be determined by applying the Buckingham Pi 
Theorem. The theorem states that the numb e r of n terms is e qual to 
the number of variabl es involved minus the number of primary variables 
required in the measure of the various quantities (Langhaar, 1960). 
The n: t e r ms can be related to one another by an equat ion of t he fo r m 
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(1) 
The only r es triction on the n: terms is tha t they must be dimensionl es s 
and independent. 
Several procedures are available for de t e rmining then: terms, 
but deta i ls wil l not be described herein. Often rr terms de t e rmined by 
a particular procedur e may l ead to complicated terms. Such terms can be 
adjusted to provide greater simplicity by mathematically manipulating two 
or more of the developed n t erms. For example, multiplica tion of a 
term by a constant or division of one n t e rm by another would be 
legi timate adjustments. The only requirement is that the r esulting 
term be dimensionless and independent. 
Assume that the general equation (Equation 1) is appropriate 
for explaining certain phenomenon associated with a pro tot ype. Since 
the equation is entirely general, it also applies to any other system 
that is a function of the same variables. Hence the equation for a 
mode l would be 
f (rr2m'rr3m' ... ) . 
An equat ion for predicting rr1 from rr1m can be found by dividing 
Equation 1 by Equat ion 2. 
(2) 
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~L = f(n 2 ,n3 , ... ) 
1tlm f(nzm,1tJm ... ) (3) 
If the model is designed and opera t e d so that n z n3m , etc . 
then 
(4) 
and from Equations 3 and 4 it is apparent that 
(5) 
Equation 5 i s the prediction equa tion between model and prototype and 
is the theory o f models. 
Dimensional Analysis of Problem 
As stated in the introduction, i t was be lieved that a ri g id 
reservoir or canal model surface without a membrane imposed on the 
system would adequately yield surface air pressure differ en tials und er 
high wind conditions. The procedure necessary for prope r solution 
depends on the relative importance of certain variables which describe 
inertial, viscous, gravita tional, and membrane properties. 
Since the models proposed for study will not have membrane 
materials imposed on the system, the following variabl e s were considered 
as important t o the solution of the problem: 
Variabl e Definition Dimensions 
Variables associa ted with the fluid 
p Fluid density 
Fluid viscosity 
v 
6P 
Velocity at some characteristic 
location 
Pressure differ ence be tween 
points 6P = Pk - P0 where 
P0 : Pressur e at some 
characteristic location 
Pk : Pressure at any other point 
on the system 
Var iables associated with the physical model 
L Characteristic length 
Any number of other lengths 
necessary to describe the 
uniqueness of a system. The 
number considered necessary to 
adequat ely describe the geome tric 
configuration of a res e rvoir or 
canal was four (k = 4): 
La, associated with leeward slope; 
Lb, approach slope; Lc, approach 
slope height; and Ld, breadth - depth 
ratio 
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FL-2 
L 
L 
Since there are nine variables, six dimensionless n - terms were possible 
(Langhaar, 1960). From Equation 1 the dimensionless equation will be of 
t he form rr1 = f(rrz, rr3, rr4, rrs, rr6). The rr terms are developed in 
detai l in Appendix Band were found to be: 
The first dimensionless term (rrl) is referred to as the pressure 
coefficient (Cp), the second through fifth terms describe c ertain 
geome tric aspects of the objec t, and the sixth is the Reynolds number 
(RN). These terms may be arranged in the following form 
Cp (6) 
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which indicates modeling requir ements be tween model and prototype of 
geome tric and Reynolds number sca ling . Proper mode l building t echniques 
can guarantee proper geome tric scaling . Th e Reynolds numb e r pAr ame t er 
determines the flow pattern as it is influenced by viscous forces . 
Reynolds number cannot be easily or feasibly scaled «hen scal e fa ctors 
are lar ge and the same fluid is used for both the model and proto typ e . 
This can be illustrated as follo«s from Equation 4: 
He nc e 
[~] 
(V)m 
S>.= 
Lm 
vm 
Vm 
p 
~ 
Condi tions to be modeled 
p 
fl 
V 50 fps (air velocity over prototype) 
L 20 feet (depth of prototype reservoir) 
Lm 1/6 foot (depth of model reservoir) 
Pm 
flm 
fluid density and viscosity same 
for model and prototype 
[~Jm 
(V)p 
Scale factor 20 120 1/6 
120 X 50 
6000 fps (model velocity) 
Such velocities are impossible to obtain in the test facilities; however, 
a major variation in flow occurs below a certain critical Reynolds number 
(Schlichting , 1960). Sharp discontinuities in geome try tend to guarante e 
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the exis tence of a cri t ical Reynolds number. At and beyond such a 
velocity or Reynolds number (Criti ca l Reynolds number), the flow pa tte rn 
becomes independent of viscosity and dependent mainl y upon geome tric 
confi guration ·. 
If t he critical Reynolds number can be found, a nd if model t ests 
ar e conduct ed above the critical Reynolds number, Equation 6 can be 
reduced t o 
~ = f [La, Lb, Lc, L<!l . 
l/ 2 pV L L L L J (7) 
which states that pressure varia tions over a model are dependent on l y on 
geome tric characteristics of that model. Exp erimental data obtained 
below the critical Reynolds numb er woul d r esult in a distort ed model, 
thus complicating the application o f the t es t r esults. 
Critical Re ynolds Number De t e rmination 
Two-dimensional mo dels o f a r eservoi r (Figure 2) were used t o 
evalua t e t he pr essure coefficient variation as a function of Reynolds 
number. The Reynolds number was based on the reservoir depth, D. Mode l 
depths of 2, 4, and 6 inches were used. Tests wer e conduct ed a t 
several wind-tunnel velociti es over a wide range to produce an e qually 
wide Reynolds numb er range . Th e models were two-dimensional, three 
inches wid e , and were suspended near the cent er of the wind - tunnel test 
section during testing . Sidewalls were us ed and ex t ended upstream of 
the l eading model edge (upstream edge) to e liminate any air circulation 
in the horizontal plane . 
Pressure coefficients (Cp) measured at similar pressure tub e 
l ocations wer e plotted a gainst Reynolds number . Figures 3 a nd 4 illustrat e 
.. 
Pressure tube 4 
(see Figure 3) 
Air flow 
T 
pressure tubes 
D 2, 4, and 6 inches 
tube 18 
4) 
Figure 2. Rigid model design used to evaluat e th e effect of 
viscosity on air flow past reservoir and cana l 
models. 
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corresponding Cp values for pressure tube points 4 and 18 respectively. 
The pressure coefficient becomes independent of the Reynolds number 
(viscous forces) at a different Reynolds number depending on the 
reservoir model depth. For a mo de l depth of 2 inches the pressure 
coefficient was independent of viscous forces a t a Reynolds riumber of 
l.S x lOS (critical Reynolds number), while the critical Reynolds 
number was 2.S t o 3.0 x lOS for model depths of 4 and 6 (Fi gures 3 and 
4). These condi t ions also occurred for othe r points on the model . 
Hence, above the critical Reynolds number indicated, Equation 7 does 
represent the flow conditions . 
Model test velocities required to attain critical pr essur e 
coefficients (barometric pressur e 29.92 inches Hg at sea level, 2S.l7 
at wind tunnel, and 60 ° F) would be: 
Model depth 
D, inches 
4 
6 
Critical 
Reynolds 
number 
l.S X lOS 
2.S X lOS 
2.S X lOS 
Critical 
t est velocity 
fps 
142 
l l 8 
80 
Verification of Modeling Capabilities 
The pressure coefficients attained above the critical Reynolds 
number were essentially the same regardless of the model size 
(Figures 3 and 4). Sinc e the results were identical for the three 
model scal es used, this would suggest that any model scal e can be 
used with comparable pressure coefficients resulting. Also, the 
similarity of results hel ps reinforce the like l ihood f or successfully 
using the model condi tions to predict prototype condit ions . 
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EQUIPMENT AND METHODS 
Pitot-Static Pressure Tubes 
Pitot-static pressure tubes were used to measure the dynamic fo r ce 
o f th e air stream. The tubes used wer e 1/8- and 5/16-inch diame t er 
suppli ed by the F. W. Dwyer Manufacturing Company, Inc. The pit ot-
sta t ic pressure tubes used comply with AMCA and ASHRAE (Air Mov i ng 
and Conditioning Associates and Amer i can Society of Heating , Refri gera t ion , 
and Air Conditioning Engineers) specification. The standar d pitot-stat ic 
pressur e tube is shown in Fi gure 5 (Spaulding and Merriam, 1935). 
Some errors may result from air -velocity measurements taken with 
a standard pitot-static tube. Static pressure readings are affected by: 
(a) crowding of the streamlines near the tip, which reduces the pressure 
downstream from the tip so that th e static pressure reading is low; and 
(b) the existence of a high-pressur e region ahead of the st em which 
r e sults in a h igh indicated sta tic pre ssure. These two effe cts can be 
canc ell ed out if the pitot-static tube is properly designed. The 
standard tube, however, does not comply to this principl e , since the 
static holes would need to be too close to the tip (2.5D) to assure 
consistent measurements. If allowance is made for these errors, a 
reading within 0.1 percent of true dynamic pressure may be obtained when 
using a standard pitot -static tube (Pope and Harper, 1966). When the 
s t a tic orifice distance from the tip (point B, Figure 5) is SD (standard), 
the static pressure error is about one percent too hi gh (Pop e and 
Harper, 1966). 
Static pressure 
connection 
~-------------- 160 B A 8 D --------+! 
- - ------------- ---------- --- ~---- ---------------
---- -------------
I I 
I 
3D 
Tot al pressure connection 
Eight holes 
spaced on 
equally 
periphery 
--
Air flow 
Figure 5. Standard pitot-static pressure tube (Red ra\vn from Spaulding and t~erriam, 1935) . N 
"' 
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For the study reported herein, the measur ement within about one percent 
of tru e static pressur e was conside r e d to b e allmvable. 
Th e accuracy o f a standar d pitot-static tube when turned at a n 
angle t o the ma in air str eam was report e d by Spaulding and Mer r iam 
(Fi gure 6). Other r eports (Martynov, 1965) show the kin e ti c pressure 
hardly al t e r e d over a ran ge of inclination of ± 20 de gr ees . Measurements 
of the dynamic pressure at v a rio us an gl e s were complet e d in t he Utah 
Stat e Universi ty wind tunnel (Figur e 6). The measurements indicate t hat 
r eadin gs within one percent of the ai r stream velocity can be expected 
with yaw angles up to nearl y ± 25 degrees. Wit h the velocity measured 
from a pitot - static tube essentially independent of angle t o the air 
stream over a wide angle range, the pitot - static tube dir ec tion for the 
wind tunnel model studi es was set by eye. 
Th e t otal pressure of an air stream is the sum of the piezome tric 
head P and the velocity pressure l/2 pV 2 (energy equation). The total 
pressure of the air stream is measured at poin t A (Fi gur e 5) . Th e 
piezometric or static pressur e is measured at poin t B. If the points 
a r e connected differentially to a manome ter, the velocity pressure alone 
is measured. From this r eading the velocity can be determined . 
A formula for air velocity as a function of velocity pressure, 
t emperature, and barometric pressure has been developed (Appendix C). 
The e qua tion is: 
vl 18 . 285 [:1] 1/2 
or 
[ P~TJ 1/2 vl 15 . 886 (8) 
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4 /usu Wind Tunnel Test 
·-·~ ---0 
• (Spaulding a Merriam, 
-4 
1935) 
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-16 
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Degrees of yow 
Figure 6 . Perfo rmanc e of standard pitot-static tube as report ed by 
Spaulding and Merriam (1935) and pitot -static tube used 
in USU wind tunnel. 
whe r e 
v1 air velocity, fps 
P1 velocity pressure, inches water 
y specific weight, lbs/cu ft 
y ~ 1.325 P/T' (See Appendix C) 
P barometric pressure, inches mercury 
T' absolute temperature, 460 + " F 
Equation 8 was used to calculate the air stream velocity for the studies 
conduct ed and discussed in this report. 
Static - Pressure Tubes 
Static pressure can be defined as the undisturbed medium pressure . 
If an instrument is used to measure this pressure, then it should not 
cause any disturbance in the air stream. Theoretically, the only way 
such a measurement could be obtained would be to have the instrument 
moving a t the same ve locity as the air stream. A measurement by this 
t e chnique is generally impractical. In practice, a measurement is taken 
by some means with emphasis on minimizing the influence of the instrumenta-
tion on the fluid stream. 
It was necessary to measure the static pressure at the walls of the 
wind tunnel and over the surfaces of the models studied. This pressure 
can be sensed by small holes in the surface of the body in question. 
These holes can be constructed by drilling the hole size requir ed directly 
into the body surface or dri ll ing oversize holes and inserting a tube 
with an insi de diameter equal t o the size of sensor hole required. It 
is important that the hole be normal to the surface at a given point , 
since any inclination will result in kinetic pressur es affecting t he 
stat i c -pressure r eading (Martynov, 1965). 
General l y, the hole should be as small as possib l e but should no t 
be less than 0 .2 mm (.008 inch), or there will be notic eable l a g or 
delay in the measuring syst em (Martynov, 1965). In Martynov 's book, 
the recommended diameter was l to 2.5 nun (0.039 to 0.098 inch). Other 
recommendations (Pavian, 1940) were for the opening t o be l/32 inch 
(0.032 inch) or l ess. 
Stainless steel tubes, l/8-inch ou tside diameter, with a hole size 
of l/ 32 inch were sel ec t ed for use in the reported study. These tubes 
were used on both the wind - tunnel t est section walls and t he model 
sur faces . 
Micromanometer 
A micromanometer, capable of measuring pressures to 0 . 001 inch of 
wa t er, was connected to the pitot-static pressure tubes for measurement 
of the velocity head of th e air stream . The sp ecific micromanometer 
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used was a mo de l 34FB2 suppli ed by the Meriam Instrument Company. 
Measurements with the micromanometer are made when a known pressure value 
is balanc ed against the value to be measured by returning the fluid 
meniscus to a static point. Pressur es , either positive, v acuum, or 
difference can be measured with the micrornanometer. The indicatin g 
fluid had a low surface t ension with a specific gravi ty of 1.0 gm/cc. 
Manometers 
Two manometers were used to measur e static pressures on the model 
surfaces and wind -tunnel cei ling . One was a commercially available 
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ma nomet e r pane l made up of 5 banks of 10 tube s. Each bank was connec t ed 
t o a common r e servoir. Each r e s e rvo ir was a djustabl e over the e n t ir e 
instrume nt ran ge. The instrument ran ge was 100 inche s. Fluor e sce nt 
li ghts were mounted behind transluc ent scal es. This simpl ified th e 
r e cordin g of pressure measurements and resulted in excellent phot ogr a ph i c 
records. To increase the resolution of measurement, a low d ensity 
(0.827 gm/cc) highly refined mine ral seal oil was used rath er than 
wat e r. Static pressures associate d with the model surfaces we r e 
measured with this manometer. 
The second manometer was constructed locally. It had a 30- tube 
panel connected to a reservoir. The instrument range was 12 inches. 
Fluorescent lights were mounted behind the translucent scales (construct ed 
of pl exiglas) similarly to the commercial unit. The indicating fluid was 
water with some coloring added to make photographic recording possible. 
Static pressures along the ceiling of the wind tunnel were r e cord e d with 
this manome ter . 
Hot-Wire Anemometer 
A hot -wire anemometer was used to measure wind-tunnel turbulence. 
Th e use of hot -wir e anemometry has long been an accepted technique for 
measuring certain characteristics of fluid streams. The basic measure-
ment is the rate of heat loss from a hea t ed wire to the surroundin g 
fluid . This heat loss can be readily correlated to air velocity in a 
constant temperature and pressure fluid. 
Hot - wir e sensors are e l ectronical l y controlled using two di f f e r ent 
t echniques. On e main t ains constant curr ent in the sensor, whil e th e o the r 
mainta i ns the sensor at constant t emperature. The Heat Flux Syst e m us e d 
i n the study wa s a tempera tur e compensating anemome t er (Thermo-Systems 
Incorporated, Model 1010) . 
Th e basic voltage si gnal from the anemometer is proporti onal to 
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th e squar e root of temperature and the one - fourth root of velocity. 
Operating in conjunction with th e basic Model 1010 was a linea riz er Model 
lOOSB, also manufactured by Thermo-Systems, Incorporat ed , which yielded 
output, when plotted, that was linear. 
A quartz-coated cylindrical hot -film sensor was used. The sensor 
was designe d to measure both mean v elocity and turbulenc e . A 0.002-inch 
diameter wire was used. Th e cylindrical wire was 0 .040 inch long. Sensor 
designation was 1210- 20 from Thermo-Systems Incorporated. 
Wind-Tunnel Facility 
Wind tunnels can be classified into two basic typ es (Pavian, 1940). 
The first is called an open-circuit tunnel in which the air i s no t gui ded 
by a return (Fi gure 7). After th e air leaves the diffuser, it circulat es 
back to th e intake unguided . In many instances the tunnel draws th e ai r 
directly from the atmosphere. 
The second type, called a closed-circuit or return flow tunne l 
has a continuous path for the air (Figure 7). The closed-circuit may be 
one of three types: single, double, or annular return. Of th ese, only 
the first i s in general acceptance at present . In the doubl e and annular 
return systems, t he particular air that scrapes along the walls of th e 
r e turn passage forms the cent e r of th e jet and hence passes directly 
over the mode l . Unless the contraction ratio is large, this air is 
ex tremely turbulent and tends to make th e interpr e tati on of th e test 
data difficult. 
Air exchanger 
Air flow~ 
Diffuser 
Settling chamber 
Figure 7 . Conventional open - circuit (abov~ ) and 
singl e - return (be l ow) wind tunnels. 
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Further identification o f wind tunne ls may be mad e through the 
cross -sectional fo rm o f th e test section. It may be squar e , r ec t angular , 
rectangular with temp ered corners, octagonal, cir cul ar , or el liptic . Th e 
test section may be completely walled in (clos e d throat) o r it may consist 
of an open spac e (open t hroat) with the air going from the en tranc e cone 
t o the exit cone. Wh e ther the t e st section is open o r cl osed, the 
boundaries affec t th e flow about the model. Many time s th e data must b€ 
corrected in order t o agree with free - air conditions . 
The wind tunnel at Utah State University is classified as a square 
t es t section, closed throat, open circuit tunnel (Fi gure 8 ) . The 
honeycombed intake area is 12' x 12'. The test sec tion is 46 11 x 46 " and 
is 20' long . Power is supplied by a 200 hp elect ri c motor to a 4-blade 
variable pitch propeller. Maximum velocities attainable exc eed 250 fps. 
Velocity Variation in the Te st Section 
The dynamic pressure (ve l ocity pressure was measured across the 
te st section by means of a battery of 26 total pressure tub es and l 
pitot-static tube (Fi gure 9) . Velocity var iations were calculated for 
14 freest r eam velocities ranging from 10 .49 t o 173.44 fps, Tabl e l. The 
test section velocity varia tion was as high as 0.80 percent at about 
52 fps but decreased to an average of 0.37 percent for freestream 
velocities great er than 120 fps , The 0.37 percent velocity measurement 
variation could result in a pressur e coe ffi c ient (Cp) measurement error, 
but the error would be less than 1 percent. This amount of variation . 
was considered tolerable for the study be ing conduc t ed. 
Static Pres sure Distribution Along Wind-Tunnel Axis 
The static pressure gradient was measured along the t e st s ect i on 
by the us e of pr es sure tubes (described previously) located along the 
- I 
~Pilot-static tube 
\~_J'-==f-=-ji===j=== Outdoor test ~~rmSellling chamber /
Motor 8 
prop . Discharge 
---, 
TUNNEL 
+ + I + I + + + + =~~...:~ 
!V'Ceiling pressure tubQs 
+ + + 
WIND TUNNEL TEST SECTION 
Figure 8 . Schematic diagram o f th~ Utah State University wind tunnel. 
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Figure 9 . Total pressure tube batt e ry used to meas ur e air velocity 
pr essur e t hrough o ut the test section . 
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Tabl e 1. Velocity variation across test section of wind tunn e l measured 
at 14 freestr e am v e locities 
Free stream ve l oci ty 
(fps) 
10.49 
35.71 
52 .48 
62.63 
74.81 
89.26 
100.03 
109.66 
119. 91 
130.08 
143 . 55 
155.01 
165.62 
173 .44 
Velocity va riat i on 
(Pe rcen t fr eest rean1 ) 
0.38 
.77 
.80 
.62 
. 69 
.35 
.43 
.32 
. 29 
.30 
. 35 
.38 
.44 
.37 
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tunnel ceiling. Measurements were taken during each individual model 
test and were used in the pressure difference term when calculatin g Cp. 
The calculation procedure is described in a later section. 
A typical longitudinal static pressure profile is shown in Fi gure 10. 
The pressure gradient is relativ ely constant for the tunnel section ahead 
of the test section. Upon entering the test section, the gradient 
increases rapidly from about 8 l/2 to 10 l/2 feet downstream from the 
leading pitot-static tub e . From the 10 1/2- foot point downstream, the 
gradient is again fairly c onstant. The pressure gradient increase at the 
entrance of the test section is attributed to some roughness at the 
section transitions and pulling in of the tunnel walls (especially 
ceiling and plexiglas sections). With this variation in mind , the models 
were located with the leading edge at about the 12 - foot point. Once a 
model is inserted into the test section, a lar ge pressure gradient is 
associated with the model location, not e model locations 1 and 2 in 
Fi gure 10. If the mode l is moved downwind, the large gradient is 
displaced downwind also. 
Turbulence Intensity 
The turbulence intensity of the wind-tunnel test section was 
measured with a hot-wire anemome t er. Turbulence was measured at 1, 
1.5, 2, 3, 7, 10, 16, and 23.25 inches from the wind-tunnel floor. The 
tunnel turbulence intensity was a maximum at 1.5 inches above the floor 
(4.9 percent) and was essentially constant (3.6-3 .7 percent) from 2 inches 
to th e wind -tunnel center line. 
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Figur e 10. Pressure gr adien t s measured in t he wind tunn e l a t a t est velocity of 113 fps . 
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Outdoor Test Facility 
Part of a preliminary investigation r egarding applicability of model 
measurements taken in the wind - tunnel test section t o outdoor conditions 
prompted the construction of a test area at t he discharge end of the wind 
tunnel . The discharge jet would not reflect the restrictive conditions 
that wind-tunnel walls impose on a model but would be more like a free -air 
condition. If model pressure meas ur ements taken in the wind-tunnel test 
s ec tion agreed fairly closely with those measured in the outdoor area, th en 
prediction of outdoor prototype situations would be more likely. 
The mode l support structure was constructed so that models could 
be mounted near the center line of the wind-tunnel exit section (Figure ll). 
Legs were constructed of 4 - inch pipe with bracing made of angle and 
smaller pipe. The distance between supports was 4 feet. The structur e 
length was about 12 feet. 
Velocity Measurement 
The velocity head was measured using a pitot -static pressure tube 
similar t o the measurement in the wind-tunnel test section. The total 
head (ht) is related to velocity head (hv) and static pressure head 
(hs) by: 
or ht - hs 
When velocity head meas ur ements are taken in free air, then h 5 = ha 
(atmospheric pressure), hence ~ = ht. However, in a jet such as is 
being discharged ou t the end of a wind tunnel hs f ha due to en l argement 
Wind tunnel 
(discharge end) 
3.5' 
1 
2.5' 
+-c: 
t 
7.0' 
L 
0 .5' 
+ 
Plan view 
Pilot-static tube locations 
+ ~ ~ 
__ t=•_.o·_j-112d_j 
Side view 
Figure ll . Model support structur e near the discharge end of 
t he wind tunn el . 
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and dissipation o f th e air stre am. From the ener gy equation it can be 
seen that the static pressur e o f the dischar ge jet hs is l e ss than the 
sta tic pre ssure at the point of dischar ge by an amount approx ima t e l y 
equa l to 
where 
V1 velocity at discharge 
v2 velocity at some point downstream 
Velocity pressures were measured using both hs and ha. The resultant 
v e locities measured using hs were about 1.8 percent lower than those 
measured using ha (Tabl e 2). This difference is indicative of the 
velocity decrease measured out the discharge end of the wind tunnel. 
Hence , velocity head was measured in th e dischar ge j e t outdoors using a 
pitot-static pressure tube similar to that used for me asur ements tak e n in 
the wind-tunnel test section. 
Velocity Distribution in Test Stream 
The velocity pressure of the air stream discharged over the ou tdoor 
test area was measur ed at four points in the horizontal plane and two 
hei ghts above the bottom of the wind-tunnel exit section (Fi gure ll). 
A standard pitot-static tube was used. Velocity variation was hi gh 
(± 10 percent mean velocity) when comparing t he widely separated points 
being checked . The velocity variation, however, around the r e latively 
small area in which the models were tes t ed would be considerably less 
than± 10 percent. 
Table 2. Velocities compared using atmospheric pr essure in place of 
static pressure in an air jet out the discharge end of the 
wind tunnel 
~2 
Ve l oci ty, fps Difference 
ht -hs ht-ha percent 
55.8 56 .l 0.5 
55 .6 57.2 2.9 
75.9 77 .2 l. 7 
76.8 78 . 3 l.9 
76 .5 78.3 2.4 
9l. 7 92 . 9 l.3 
9l.3 93.1 2.0 
Avera ge l.8 
Correlation of Velocity Outdoors and Velocity Measured at Pitot-
Static Tube in Wind Tunnel 
The same air stream velocities that were used to study velocity 
variation outdoors were corr ela t ed to the velocity measured at the 
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standard point in the wind tunnel. Thr ee average wind-tunnel air stream 
velocities of about 72, 111, and 128 fps were used. The avera ge ratio of 
outdoor velocity to inside wind-tunnel velocity was 0.489. With this 
correction ratio, the velocity outdoors need not be measured but only 
calculated from the velocity measured in the wind tunnel. 
Geometric Models 
Model Locat ion in Wind- Tunnel Test Section 
The test models were located near midstream of the wind-tunnel test 
section. All models were held in place by a support built permanently to 
the wind-tunnel walls and floor. The support was constructed of flat 
iron with the narrow sides parallel to the air flow to minimize blockage . 
Support blockage was 1 . 3 percent of the total tunnel cross-sectional area. 
The support section onto which models were attached was 20 inches from 
the tunnel floor. The top of the model berms ranged from 23 to 25 inches 
from the wind- tunnel floor. The leading edge of all models was beveled 
to a sharp edge (sharp edge toward model) to assure unrestricted air flow 
above, below, and on both sides Of the model sections. 
The leading edge of the models was located approximately 12 feet 
downstream from the freestream velocity measurement point. This 
location was decided upon, since it was out of the high static pressure 
gradient region characteristic of the wind-tunnel test section (Fi gure 10). 
Relocation of the model downstream merely moved the imposed high gradient 
area downstream (Figure 10). 
Geometric Model Characteristics 
Since th e pressur e variation, r epr e s e nt ed by the pressur e 
coeffici ent , was found t o be dependent only on geome tric configuration 
of the mode l and prototype (Equa tion 7), the geome tr ic l engt h r atios 
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used to describ e the reservo ir and canal systems wer e (r efer to Fi gur e 12 ): 
Pi t e rm Description Symbol 
nz 1a/1 l eeward slope = 14/13 S1 
1!) 1b/1 approach slope = 1z/11 SA 
1(4 1c/1 approach slope hei ght KD SAH 
ns 1d/1 breadth depth ratio = B/D BDR 
Equation 7 would then be, in symbolic form 
Cp f (S1, SA, SAH, BDR) . (9) 
Gener al Model Descr i ption 
The effec t of wind forces was evaluated for one specific total 
r eservoir model, but two-dimensional cross - sectional r e s ervoir, canal, 
and water-harvesting ap ron models with confining sidewalls were used to 
s tudy the effec t of wind forces associat ed with various geometric shap es 
when the air flow was perpendicular t o one side of the mo del. The two -
dimensional models can be ima gined to be a section taken out of the 
center of a r e s ervo ir or catchment apron parallel t o t he direction of 
air flow. In the case of a canal, the section wou ld be taken from a 
system of infinite length parallel to the direction of air flow. If the 
length of the reservoir perpendicular to the direction of flow is small 
when compare d to the length parallel to the direction o f fl ow, then the 
KD 
r 
Geometric factor 
Approach slope 
Leeward slope 
Approach slope height 
Depth 
Breadth 
Rood width 
Breadth depth ratio 
Air flow 
--
T L3 
L4vl7 '~------Lt ______ _J_I~ 
1--------B __j 
D 
Abbreviation Definition 
SA L2/LI 
SL L4/L3 
SAH KD 
D D 
B B 
Wm Wm 
BDR B/ D 
Figure 12 . Reservoir and canal definitiona l sketch . 
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two-dimensional model results likely will vary fro m thr ee -d imens ional 
studi es. But if the reservoir or catchment apron whose l ength 
perpendicular to the direction of f low is gr eat i n proportion to the 
length parallel to the direction of f low, then the two-dimensional study 
should provide a reasonable indication of the pressure patt erns on a 
s e ction at the center of the system. The canal can be considered to b e 
o f infinite length perpendicular to the flow di r e ction ; henc~ two-d imens i onal 
model results should be representative of actual condit i ons. 
Sidewal ls were necessary to restrict development of air circulation 
patterns along the model due to air flow around the reservoir or canal 
interior slope. The confining walls extended two inches above the model 
berm . The small two-dimensional models were preferred to conducting 
the entire model study using complete reservoir models. By using the 
two-dimensional models, wind-tunnel blockage was minimized and models 
describing extremely large reservoirs (large breadth-depth ratios) 
could be installed in the wind-tunnel test section. 
Boundary layer development between the two parallel sidewalls 
three inches apart was investigated using a battery of total pressure tubes 
pointing directly into the air stream and spaced at varying distances 
from the sidewalls. The boundary layer thickness was found to be less 
than that expected theoretically for a flat plate under turbulent flow 
conditions (Fi gure 13). The reduction in boundary layer thickness 
probably was due to the proximity of one wall to the other. The maximum 
boundary layer was about one inch at a distance of 6' 4" from the 
leading edge (the maximum model length used in this study). Hence, the 
freestream velocity was not restricted si gnificantly along the center 
line of the two-dimensional model. 
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Three-Dimensional Reservoir Model Characteristics 
Two-dimensional reservoir models were used for the main model study 
to minimize wind tunnel blockage. Physical size also nec essitated the 
use of cross-s ectional models. One reservoir, hm,ever, was modeled in 
its entirety for several reasons. First, the pressure distribution over 
the entire r eservoir surface could be studied to identify critical 
adverse pressure locations other than along the center line. Second, t he 
effect of wind direction on the pressure forces could be evaluated. 
Third, pressure forces along the center section of the three-dimensional 
models could be compared to those measured from the two-dimensional 
models, r eca lling that the two - dimensional models correspond to a section 
taken out of the center of a reservoir or catchment apron. Di£ferences 
in corresponding pressur e measurement from the two model systems could 
be attributed to the effect of the ends of the r e servoir. 
The thr ee-dimensional reservoir chosen for the study had the 
following physical characteristics: breadth-depth ratio - 5 (both 
parallel and perpendicular to the air flow), depth- 2 inches, leeward 
slope- l:l, road width- 2 2/5 inches, approach slope height of 5D/4, 
and approach slopes of l:l, 1:2, and 1:3. The smallest br eadth- depth 
ratio was s e l ec ted to minimize blockage of the wind-tunnel test section. 
Maximum tunnel blockage for these studies was 3.9 percent (model blockage 
2. 6 + 1.3 percent support blockage) . A variation of approach slope was 
cons idered to eval uate the effect slope might have on pressures along 
the upper parts of the leeward slope parallel to the direction of the 
wind. The pressure tube locations and geometric shape are illustrated 
in Figure 14. Wind approach angle was varied from perpendicular to one 
~- / ~--~------~--~---( 
Air flow 
/ 
/ 
Figure 14. Geometric shape and pressure tube locations of 
the thre e -dimensional res e r voir mod e l. 
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side of the reservoir model to 15, 30, and 45 degrees from perpendicular 
by rotating the model in the wind-tunnel t est section. Any fur ther 
rotation of the reservoir model would reflect but an image of that 
already cons idered. 
Two-Dimensional Reservoir Model Characteristics 
The specific magnitude of the variables was determined from 
analyses of typical reservoir sizes and shapes (Wisdom, 1972, Table 3). 
The reservoirs we r e classified into three arbitrary sizes: small, 
medium, and large. 
Table 3. Geometric configuration of reservoirs that have been lined with 
flexible membranes (Wisdom, 1972) 
Small Medium Large 
Top width, ft 40 90-100 200 
Top l ength, ft 80 200-300 500-600 
Depth, f t 6-8 12-20 20-40 
Leeward slope l :2 1:2 2:5-1:3 
These data were used to deve lop the information shown i n Figure 15, 
where volume of wa t er stored is related to the various breadth - dep t h 
ratios. The extremes were developed by using various range combinations 
of breadth and depth. The largest breadth-depth ratio was 25 and the 
smallest about 6. The average breadth-depth ratio ranged from 7.4 to 
12.3 when volume ranged from 0.3 to 35 acre-feet. Using these values 
as a guide, the breadth-depth ratios selected for the model study were 
5, 15, and 25 (Table 4). 
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Figure 15. Reservoir characterization- - volume of wa t er stored r e lat ed t o ac tual- breadth-depth ratio s. 
Table 4. Reservoir geometric variables and model desi gn crit eria fo r 
two-dimensional models 
Leeward slope, ratio vertical to horizontal (SL) 1:4, 1:3, 1:2, l:l 
52 
Approach slope, ratio vertical to horizontal (SA) 0, 1:4, l:J, 1:2, l:l 
Approach slope height, vertical dimension - -
multiple of D (SAH) l/2, 5/4, 2 
Breadth-depth ratio (BDR) 15 25 
Mode l measurements, feet (inches) 
Depth 
Breadth 
l/6 (2) 
5/6 (10) 
l /6 (2) 
2 l /2 (30) 
l/ 6 (2) 
4 l/6 (50) 
Berm width l/5 (2 2/5) l/8 (l l /2 ) l/12 (l) 
Models should be lar ge enough to enable attainment of a high 
degree of accuracy, while at the same time the size should be as smal l 
as possible to minimize wind-tunnel blockage. Hence, a model depth of 
two inches was used, which was considered t o be a good compromise . 
Maximum wi nd-tunnel blockage was 2.2 percent (model blocka ge 0.9 percent 
and support blockage 1.3 percent). 
Most man - made reservoirs have leeward slopes ranging from 1:2 to 
1:3. However, it would be feasible to use l:l slopes in reservoirs lined 
with exposed membrane or film liners. In certain construction situations, 
lesser slopes may be encountered; hence, the model leeward slopes 
included in the study were l:l, 1 :2, 1:3, and 1:4 (ratio vertical to 
horizontal, Tabl e 4). Such slopes include a high percentage of all 
membrane -l i ned reservoirs. 
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Appr oach conditions surrounding a r es ervoir \~o ul d be unpr ed i ctabl e . 
Sinc e each individual rese rvoir would have its o\vn spe ci fic app r oach 
condit i ons, i t was decided to in~lude two variabl es r egarding apprortch . 
First was the angle that the wind approached the top edge of a re s ervo ir; 
henc e , approach slopes of l:l, 1:2, 1:3, 1:4, and 0 wer e s e l ect ed 
(Ta ble 4). Preliminary investi gation showed that the approach sl ope 
he i ght (SAH) does affect pressure forces exerted on the int er ior of t he 
r e s ervoir. Thus specific SAH 1 s, the second variable associate d with the 
appr oach conditions, wer e selected and represented by th e v ertical 
dimension of the approach slope re l ated to the depth of the reservoir. 
The vertical dimension (SAH) represented as a multipli e r o f the 
r eservoir depth D can be calculated from the equation: 
SAH LA 
D [ (1/SA)z + l J l/ 2 
wher e LA: length of approach slope 
D: reservoir depth 
SA: approach slope 
The SAH factors used in this study were D/2, SD/4, and 2D (Tabl e 4). 
Pressure tube locations and the numbering system used for the 
reservoir models are illustrated in Fi gure 16. 
Two-dimensional Canal Model Characteristics 
Two-dimensional canal models were studied. The geometric variabl e s 
studied were the same as those for the two-dimensional reservoir models. 
The ma gnitude of t he BDR and the leeward slope range was limited from 
that used for the reservoir study. The SA and SAH were the same as those 
us e d for the reservoirs (Table 5) . 
~Air flow 
13 
II y 15 
Static pressure tubes 
17 19 
Figure 16. Definition sketch of geome t ric variables and 
pressure tub e locations of reservoir two -
dimensional mod e ls . 
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Table 5. Canal geometric variables and model design criteria for two-
dimensional models 
Leeward slope, ratio vertical to horizontal (SL) 1:2, 1 :1 .5 
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Approach slope, ratio vertical to horizontal (SA) 0, 1:4, 1:3, 1:2, l :1 
Approach slope height, vertical dimension--
multiple of D (SAH) 1/2, 5/4, 
Breadth - depth ratio (BDR) 1/2 5/4 
Model measurements, 
fee t (inches) 
Depth 1/6 (2) 1/6 (2) 1/6 (2) 
Breadth 1/12 (1) 5/24 (2 1/2) 1/3 (4) 
Berm width 1/2 (6) 1/2 (6) 1/2 (6) 
Th e physical size of an 11average " trapezoidal shaped canal was 
determined by analyzing 44 concrete-lined canals (United States Department 
of Interior, Bureau of Reclamation, 1963, Table 6). The physical 
Tabl e 6. Geome tric characteristics of 44 concrete - lined canals installed 
on Bureau of Reclamation projects from 1955 through 1961 
(United States Department of Interior, Bureau of Reclamation, 
1963) 
~ Minimum Maximum 
Base - depth ratio 1.14 0.50 2.00 
Base width, ft 4.9 2 12 
Water depth, ft 4.3 15.6 
Dischar ge, cfs 307 7 .7 5,300 
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charac t eristics o f a cana l lined with expo s ed f lexib le membrane material 
would be similar t o concrete-lined canals. Small canals ~ene r ally have 
a base width t o water depth ratio n ~Rr l, whil e the ratio for lar ger 
cana l s may exceed 2 (Un it ed Sta t es Departn1ent of In t erior, Bur eau of 
Rec lamation, 1963). Examina ti on of the 44 canals shows that the base-
depth ratio ranged from as low as 0 .5 t o as much as 2.0. To include 
this range, t hree base-depth ratios were selected for the model study, 
l /2 , V4, and 2 (Table 5). 
From experience, the steepest sa tis fac t or y sideslope for most lar ge 
canals, from both the const ruction and main t enance considerations, is 
1:1.5 (vert ica l: horizontal). Steep er sideslopes may be used on small 
canals if the soil sub gr ade ma t erials will remain stable . Since exposed 
membrane -l ined canals would genera lly be assoc iat ed with l arger canals, 
model •ideslopes of 1:1.5 and 1:2 were se l ected (Table 5) . 
The berm width (Wm) (corresponding to a road ) was held constant for 
all mode l s (1/2 foot) . A sca l e factor of l/25 between model and prototyp e 
was selected. This wou ld correspond to an average prototype road width 
of 12 1/2 fee t. 
Pressure tube locations and t he numbering system us ed for the canal 
models are i llustrated in Fi gure 17. 
Two-Dimensional Water Harvesting Apron Models 
Six- inch wide two-dimensional mode ls wi t h confining sidewalls were 
used. The increase in t es t section wid th as compared to the reservoir 
and canal models (6 inches rather than 3 inches) was used to avoid 
boundary layer influenc e , since the model l engt h for the breadth - berm 
hei ght ratio of 200 was over 8 feet. 
----1·~-Air flow 
9 10 II 
{Static pressure 
tubes 
Fi gure 17 . Geome t ric shap e and pr e ssure tube locations of 
the canal two - dimensional models. 
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Geometric f ac tors consid er ed were berm shape and catchment br eadth -
berm he i ght ratio (the ratio of distance b e tween berm tops and berm 
heigh t ). Two genera l berm shap es were considered with various 
combinations used to change the test conditions (Fi gure 18). The model 
variation was classified according to four berm sections: (a) app roach 
of upwind berm (ground surface to top of berm), (b) leeward of upwind 
berm (top of berm to surface of catchment), (c) approach of do<mwind 
berm (ca tchment flat surface to top of berm), and (d) l eeward of downwind 
berm (top of berm to ground surface). The berm shape similar to a sine 
curv e has been commonly used, while a mor e gradual slope has been 
suggeste d as a possible technique for minimizing wind lift (Frasier, 
My ers, and Griggs, 1970). The gradual -sloped berm was coded number 1, 
whil e the sine-shaped berm was number 2. 
Typical berm heights commonly used in th~ field vary from l t o 2 
feet. Generally, the distance between berm tops range from 50 t o 200 
feet. Hence , the minimum br eadth-hei ght ratio would be 25 (50/2), and 
th e maximum would be 200 (200/l). From these values, breadth-berm height 
ratios of 25, 50, 100, and 200 were selected for the mode l studies. 
Pressure tub e locations on the berm sections are shown in Figure 18. 
Pressure tubes were also locat ed across the flat part of the catchment 
apron on 10 equal spaces for the breadth-berm height model ratios of 50, 
100, and 200, while 5 equal spaces were used for the breadth-berm hei ght 
model ratio of 25. 
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Berm identificatio~ _j
5
" 
L~.5 .. _J 
f ~r 0 .5" @ 
pressure tubes 
1-------------- 5 .75" 
1-- ----------------lo.o"'-----------~ 
Test I Test 5 ~Air flow ~
Test 2 Test 6 
~ ~
Test 3 Test 7 
~ ~
Test 4 Test 8 
~ ~
Figure 18. Berm geometric shapes and various test combinations used when 
studying water-harvesting apron two-dimensional models . 
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TEST PROCEDURE 
As found earlier , t he pr essure variation ove r an object was r e lated 
to geometric shape only if points of discon t inui ty exist such as that over 
th e upper e d ge of a reservoir, canal, o r ca tchmen t berm. Therefore , th e 
primary i t em t o be measured from the models was the pressur e coefficient 
(Cp) and its relationship t o various geometric parameters. The terms in 
t he pr es sure coefficient must be properly measur ed to insur e meani ngfu l 
r esults. 
Conditions imposed on models in a closed t es t s ec tion wi nd tunnel 
a r e no t the same as conditions that would be encount e r ed in free a ir. 
Wind tunnels with clos ed test s ec tions have a static pr ess ur e variation 
(r efe r to previous section) along the axis of the test s ec tion. Th i s 
gradient is due to the thickening of th e boundary layer. Th e gr adien t is 
negative, henc e there is a t e nd e ncy t o draw a model downstr eam. This 
drawin g downstream is refe rred t o as horizontal buoyancy and mus t be 
cor rected for when measuring dra g o n a body suspended in the ai r stream 
(Glauert, 1933). For the studi es r eport e d herein, a correction t e rm for 
horizontal buoyancy was not included, since only pressure regimes on th e 
geometric mo del surfaces were of interest. 
Blocka ge due t o the presence o f the model i n the test section 
effectiv e ly reduces the area throu gh which the air must flow. Hence, as 
t he area decreases, the ve l ocity in the vicinity of the mode l increases 
(r efer t o e quation of continuity) . This velocity increas e affects the 
d ynamic pressure, which in turn af f ec ts the Reynol ds number a nd static 
pressure on the model. A considerable amount of informati o n is available 
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in the l i t e rature dealing with blocka ge cor r ec tions . Equa t i ons 
describin g such correction t erms have been deve l oped for bodies o f 
revolution and two- and thr ee - dimensional wings (Duncan, 1949 ; He rriot, 
1950; Thorn , 1943). The geometric models bein g studied and r eport ed 
herein deviat e a great deal from th e body forms t hat have been consid ~ r ~d 
in most aerodynamic research. 
With this in mind, the v e locity in the vicinity of the t es t model 
(V
2
) was calculated from the ener gy equation by measuring the frees tr eam 
ve l oc it y upstream of the model (V0 ) and the differenc e betwe en the tunne l 
s t atic pr essure a t the freestr e am v e locity measurement location (P0 ) and 
t he tunnel static pressure adjacent to the furthest downstream model 
pr essur e tube (P 2) . The velocity (V 2) can be expressed math ema t ically as 
l/2 
This v elocity was used in the calcul a tion of Cp. The value of v2 was 
verified experimentally by actually measuring the veloci t y in the wind-
tunnel test section above one of the models used in the Reynolds number 
study (D = 4 inches, breadth- depth ratio= 6, overall length= 48 inches). 
Air v e locity was measured using a pitot -static tube at thr ee levels 
above the mode l (6, 9, and 13.5 inches) and five points along the length 
of the mode l (0, 12, 24, 36, and 48 inches from the leadin g edge of the 
model) . The t est was conducted at two freestream velocities, 94 and 
138 fps . The average velocities in the space above th e model were 102 and 
149 fps for the two freestream ve l oci ties respectively. Tunne l static 
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pressure differences (P 0 - P2) wer e 1.35 and 3.90 psf, r e sp ect i ve l y . 
Substituting these values into the previous equation yields v2 va lue s o f 
101 fps and 151 fps, which compare favorably t o the actual me asu red 
values. 
When determining the pressure coefficient, the proper tunnel static 
pressur e must be used to calculate the press ure difference 6P. 
Re co gnizing the exis tenc e of the pressure gradien t along the axis of the 
wind tunnel and, since t he velocity term (V 2) in the vicinity of the 
model was satisfactorily calculated from it , the tunnel static pressure 
adjacent to th e furthest downstr eam mode l static pressure tube was used 
to compu te 6P. 
To substantiate the applicability of the Cp values as measured from 
models studied in the wind -tunnel t es t section and calculat ed as outlined 
previously, t ests were conducted both in the wind tunnel and in a free-air 
stream at the discharge end of th e wind tunnel. Models used in the study 
included one of the models described in the critical Reynolds number 
study (D = 4 inches, breadth-depth ratio= 6, leeward slope l:l) and a 
similar model excep t the leeward slope was 1:3. 
Pressure coefficient values measured at corresponding points on the 
models both in the test section and in the free - air stream were of equal 
magnitude (Figures 19 and 20). Since the Cp terms were comparable, the 
proposed procedure for calculating the Cp in the wind-tunnel test section 
was adopted and used in all model studies reported herein. 
Information Collected During Each Test 
Static pressures were measured on each model surface at three test 
veloci ties. The velocities were selected to produce Reynolds numbers 
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nearly equal t o, or gr ea t er than, the critica l Re ynolds number. Fo r 
mode l depths of 2 inches, the critical Reynolds number was 1.5 x 105 
(r efer to Critical Reynolds numb er investi ga t ions). The sur f ac e pr e ssur e s 
over each g eome tric shap e for all reservoir , canal , and \Yat e r co ll e ction 
apron cross -sectional models were recorded a t approximately 135-140, 
185 -1 90, and 230-235 fps. For the t ot a l r eservoir models, the test 
veloci ti es ranged between 135 - 140 , 165 - 170, and 195-200 fps. Bot h mo de l 
and ceiling pressure measur ements were recorded by photographing manome t ers 
to meas ur e ceiling and model static pr es sur es simultaneous l y (dupl ica t e 
photographs were taken at any one ve l ocity setting). Color slides were 
used t o r ecord t he readings. Phot ographs were us e d for two reasons: 
(a) t o minimize test time for each mode l and, more importantly, (b) t o 
ob t ain an instantaneous r e cord of all pr e ssur e points. 
Th e fr ees tream static pr essur e wa s measured in the wind-tunne l 
c e iling abov e th e pito t-static tub e . It was connected to all manometer 
bo ards for us e as th e base measur ement. 
Th e a ir temperature during each t e st was r ecorded . Barometric 
pressures wer e ob tainable from the Utah Water Research Laborator y (UWRL) 
a t the same location as the wind tunne l. The barometric pr e ssur e s were 
above mean sea l evel. A constant of 4 . 75 inches of Hg was subtracted 
from the UWRL reading to obtain the actual barometric pr es sur e at the 
wind tunnel. Th e correction was de t ermined by c omparing instantaneous 
pressure readings from the U. S. Wea t her Bur eau on t he Utah State 
Univers ity campus (actual bar ome tric pr essur e ) and the UWRL. The 
Ui(fe rence in e l evation be t ween the two locations (approxima t ely 200 feet) 
was a ls o t a ke n into consideration. 
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Data Analysis 
Manometer board readings were transformed from the color slides to 
data sheets for au toma tic data processing. The average ceiling pressur e 
directly above the furthest downstream pressure tube on the test model 
was determined from a moving average scheme applied to the ceili ng 
pressures. This ceiling p r essure term was used to adjust ~P, since it 
was recorded in relationship to the fre es tr eam static pr essure. The 
ceiling pressure correction was output from one computer program and 
used as input to the analysis of the model pressure information. 
Additional input into the model pressure reduction program consisted of 
model identification, t est number, date of t est, barometric pressure, and 
freestream dynamic velocity pressure measured ahead of the model. The 
ceiling pressure term adjacent to the model was also used to determine 
the velocity in the vicinity of the model. Pressure coefficients were 
the end product of the model pressure program. The pressure coefficients 
were both printed and punched from the program. 
All Cp information was grouped by t es t (three velocitie s with 
duplicate readings for each). These listings were studied to find errors 
in the test data. Al l errors were corrected and average Cp values were 
computed from the three velocities and duplicate readin gs. These average 
values were used in all subs equent analyses . 
In addition to visually studying the resultant pressure coefficients 
and their distribution over the models, certain variables were generat ed 
for the reservoir and canal two-dimensional models that would be helpful 
in explaining pressure variation due to various geometric parameters. 
They served as dependent varia bles for relating to certain geometric 
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fac tors. The generated variabl e s (some form o f Cp or factor related tu 
Cp) included are described in Tabl e 7 . 
Multiple regression anAlys P. s and analyses of var ianc e (AOV) were 
used to determine the effect of the leeward slope , approach sl ope , 
a pproach - slope height, and breadth -d epth r 'atio on the various ge nerat e d 
terms and certain specific Cp values. The multiple re gression model was 
a form of Equation 9 
Cp or f [cp] = f [sL, SA, SAH, BDR, 2-, 
product combinations of the linear 
products of the linear, quadratic, 
3-, and 4-way 
terms, and 2-waJ 
and cubic t e rms 
The multiple regression analysis served to identify which factors or 
(10) 
multiples of various factors were most important in explaining variation 
in th e dependent variables. 
Analysis of variance was us ed as a guide in determining whether or 
not variation in the dependent variables could be attributed t o geome tric 
factors studied at various leve ls. A factorial analysis of varianc e , 
without replications, was used (Tabl e 8) . The four - way interaction was 
used as the error term. The factorial analysis model was assumed to 
contain only fixed effects. 
A nomograph (Appendix D, Figure 42) was developed to convert pressure 
coefficient values to static pressure forces ~P) for wind velocities 
ranging from 10 to 200 fps (6.8 to 136 mph) and air densities ranging 
from 0.00180 to 0.00280 slugs/ft3 . Fi gure 21 was also developed for 
calculation of~P from Cp at standard conditions. These two figu r es 
should serve a~ Lools to t he reader for making conversions of Cp values 
to p r essur e force. 
Table 7. Generated variables us ed in the evaluation o f geometric 
factors associated with res e rvoir and canal t\vo -dimensional 
models . 
Number 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Description 
Average Cp (sections 2, 3, 8 4 )* 
Maximum Cp <0 (section I) 
Static pressure tube number of 2 above 
Average Cp (section 2) 
Max imum Cp <0 (section 2) 
Static pressure tube number of 5 above 
Number of Cp.<! 0 (section 2) 
Average Cp (section 3) 
Maximum Cp <O (section 5) 
X:L rat i o 
*cross- sectional model key 
Abbreviation 
CPAV 
UBEMN 
MUBEMN 
USLCP 
USLMN 
MUSLMN 
KSLNP 
BCP 
DBEMP 
XLR 
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Table 8. Factorial analysis of variance used to study the effect of 
geome tric factors associated with the two-dimens i onal 
r e servoir and canal models 
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Reservoirs Canals 
Source of vari~tion Degrees of freedom 
Total 143 71 
SL 3 
SA 3 3 
SAH 
BDR 2 
SL x SA 9 3 
SL X SAH 6 2 
SL x BDR 6 2 
SAx SAH 6 6 
SA x BDR 6 6 
SAH x BDR 4 4 
SL X SA X BDR 18 6 
SL X SAH x BDR 18 6 
SL x SAH x BDR 12 4 
SA X SAH x BDR 12 12 
SL X SA x SAH x BDR (Error) 36 12 
-
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For an air velocity of 70mph, 
k= 12.5 psf from the graph. 
Hence, AP = 12.5 Cp. !j 
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Figure 21. Graph of k, as a fu nction of air velocity, r equ ir ed for th e 
so lut ion of th e equation 6 P = k Cp at s t andard conditions 
(air tempe rature 60° at sea lev e l, p = 0 . 00237 slugs/(t3 ). 
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RESULTS AND DISCUSSION 
Reservoir St udies 
Three-Dimensional Studies 
The three - dimensional r eservoir model studied had a br ~adth - depth 
ratio (BDR) of 5, a leeward slope (SL) of 1:1, and an appr oac h slope 
height (SAH) of 5/4 . One geome tric factor, approach slop e (SA), was 
varied and included l:l, 1 :2, and 1:3. Wind approach directions 
inc lud ed a = 0°, 15°, 30°, and 45°, where a was the angle that wind 
direction deviated f r om perpendicular to one side of the r eservoir . 
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The 12 resultant pressure coefficient distributions (3 SA levels 
combined with 4 a levels) were illustrated by equal pressure coefficient 
lines drawn on the plan view of the r eservoir (Figures 22, 23, and 24). 
The plottings are arranged with l approach slope and a ll wind approach 
directions shown in each Figure (SA= l :l, 1:2, and l :3 in Fi gure 22, 
23, and 24 respectively). In the case of a = 0°, the lines of equal Cp 
values were plotted after Cp values at comparabl e points of symmetry were 
averaged. Lines of equal Cp were developed for the o t her 3 wind 
directions using the Cp values as measured . 
The pressure distributions, as depicted by the lines of equal Cp, 
were changed considerably when wind direction changed. The distributions 
theoretically should be symmetrical when a= o• a nd a= 45°. Irregularities 
in the distributions could probably be attributed to an improper angle 
setting when a particular a was designat ed. 
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Figure 22. Constant pressure coefficient lines over a three-dimensional 
reservoir model surface when subjected to four wind direction 
(a) conditions. Model geome tric characteristics: approach 
slope 1:1, approach slope height 5/4, leeward slope 1 :1, and 
breadth-depth ratio 5 . 
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Figure 23. Constant pressure coeffic ient lines over a thr ee -dimensional 
reservo ir model surface when subj e cte d to four wind direction 
(a) conditions . Model geometric characterist ics: approach 
slope, 1 : 2; approach slope height , 5/4; l eeward slope, 1:1; 
and breadth-depth r a tio, 5. 
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Figure 24. Constant pressur e coefficient lines over a three - dimensional 
reservoir model surface when subjected to four wind direction 
(a) conditions . Model geome tric characteristics : approach 
slope, 1:3; approach slope height, 5/4; l eeward s l ope, 1:1; 
and breadt h - depth ratio, 5. 
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Generally, pressure distributions were quite similar for approach 
s l opes of 1:2 and 1:3, for comparable wind directions. Th ese 
distributions were, however , considerably diffe r ent f r om th e distribution 
fo r an a pproach slope of l :l . 
Adver se pressure coefficients (ne ga tiv e Cp va lues) were measured 
ove r lar ge portions of the r eservoir system. Adverse Cp values were 
fo und to exist ove r all berm areas r egardles s of the wind direction . In 
some instances, Cp values wer e less t han -1.00, but gener a ll y r an ged from 
-0.20 to -0.40 . 
The most adve rse Cp areas over the r e s e rvoir occur on the l eeward 
s l ope. Adver s e conditions ex tend over a r e l a t ively l ar ge portion of th e 
reservoir bottom . The lar gest area , over which adverse pressures were 
noted, occurred when the wind direction was perpendicular to one side 
(a= 0°) . The adverse area decreased as a increased , but the ex treme s 
between adverse and favorable (positive Cp values) also increased (i.e. 
adverse a t a = 45° more extr eme t han at a = 0°). Advers e Cp values less 
than -0.60 were fou nd over the leeward corner of the r eservoir when 
SA = 1:1 and a = 45° (Fi gur e 22) . Adv ers e Cp va lu es gene rally were not 
less t han - 0 .4 0 fo r SA conditions of 1 :2 and 1:3 (Fi gur es 23 and 24). At 
a wind v eloc i ty of 80 mph, th e lift forces would be 9 . 7 a nd 6.5 psf for 
Cp values corresponding to -0.60 and -0.40 respectively (Fi gur e 21 or 
Ap pendix D). 
In photo graphs o f flexible membrane-lined water stora ge and catchment 
systems (Wisdom , 1972 ) some membrane lifting was noted to occur along the 
top edge of the downwind slope just below the berm . Adverse pressure 
coe ffici ent s were found over this area of the three-dimensi ona l models 
7 6 
under all appr oach and wind direction conditi ons . Th e pr e ss ur e coefficient 
was as low a s -0.40, with the most common Cp value bei ng - 0 .20 . Th e 
resu ltant lift forc e woul d be about 3.2 ps f fo r a Cp val ue of -0 . 20 at 
standard conditions and a wind veloc i ty o f 80 mph. 
Favor abl e Cp value s wer e found ov e r r e l a tiv e ly large porti ons o f t he 
downwind part o f the r e s e rvo ir. The most fav orable Cp ar ea s we r ..:- a t th e 
do\ro\vind e nd of th e r e s e rvo ir bo ttom and pa rt \-wa y up th e doWIHYin d s lope . 
As a incr eas ed, th e favorabl e Cp value s be came mor e extr eme and move d f r om 
directly downstream of the upwind berm when a= 0° to the corner of th e 
reservoir opposite the corner over which the wind occurr e d wh en a was at 
45°. The maximum favorabl e Cp va l ued was about 0.60 which corresponds t o 
about 9 . 7 psf at a wind velocity of 80 mph. Much of the favorable area 
had a Cp range of 0.20 to 0.40. 
Comparison of Two- and Three-Dimensional Models 
The main part of the wind-t unnel investi gation utilized two-
dimensional models to evaluate the wind forces on reservoirs, canals, and 
catchment aprons . This was done to minimize wind -tunne l blocka ge, and 
it also made it possibl e to install long models ( l ar ge br eadth-depth 
ratios) in the wind tunn e l when two-dimensional models wer e used. The 
two - dimensional models were also easier to construct than three -dimensional, 
which allowed wide ranges of various geome tri c characteristics (described 
previous ly) to be studied. 
As noted pr eviously, the two-dimensional models can be imagined as 
sections t aken out of the center of a reservoir, canal, or catchment 
ap r on parallel to the direction of air flow. Pressure coefficients 
measure d from the two - dimensional models o f similar geometric characteristics 
as the three dimensional models \vere compared, when th e air flow was 
perpendicular to one side of the three-dimensional model, a= 0°. Th e 
comparisons were for SA valu e s of 1:1, l :2, r~nd l : _1 in Fi gures 25, 26, 
and 27 r es pec tively . 
77 
For all three SA conditions, th e Cp distributions over the reservoir 
model were similar in shap e (Figures 25, 26, and 27) . The distributions 
were, however, different in magnitude. Generally, the main difference was 
noted over the leeward slope and along th e bottom of the reservoir. 
Pressure coefficient values measured from the three - dimensional models 
were more negative in this re gion than when measured from two - dimensional 
models. Upon obse rving such a difference, a means of correcting one 
sys t em to the o ther would seem in order. In two instances (SA values of 
l:l and 1:3 shown in Figures 25 and 27) distributions of more nearly equal 
magnitude could be attained if one of the curves wer e displ.:tccd over its 
entir e ty. Such a change could be attained by investigating the pressure 
difference t e rm, ~P, in the pressure coefficient (Equation 7). If such 
a correction were adopted and applied to t he pressure coefficient 
distributions when SA was 1:2, the difference between the two- and 
three - dimensional models would be increased beyond the difference shown 
in Figure 26. To change the distributions in Figure 26 to be more nearly 
equal, the change or correction would necessarily be made by considering 
the v2 term in Equation 7. This change criteria would not be satisfactory 
for SA conditions of l:l and 1:3. The two procedures correct different 
conditions--modification of ~p displaces the Cp distribution curve, 
while modification of the v2 tt!rm changes the magnitude of the 
distribution without displacement. 
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Since the number of models on which to base a ny correction procedur e 
\vas limited, the pressure coefficients from the two-dimensional models 
are r eport e d hereafter As measured . While the comparisons indicate that 
the quantitative Cp value for a specific point on a model may not be 
correct for all reservoir or catchment configuraticns, the actual results 
should approach those measured in two dimensions as the len ~th of the 
reservoir and catchment apron systems increase in the direction 
perpendicular to the wind direction. In the case of canals, this 
distance is infinite for all practical purposes, and hence the two-
dimensional studies should provide accurate estima tes of pressure 
conditions. 
Two-Dimensional Studies 
The r eservoir geomet ric characteristics studied and the quantitativ e 
value of each \Yas shown in Table 4 but is sununarized here for reader 
convenience: 
Leeward slope (both upwind and downwind) --SL--1 :4, 1:3, 1:2, l:l 
Approach slope--SA--O, 1:4, 1:3, 1:2, l:l 
Approach slope heigh t--SAH--D/2 (l/2), SD/4 (5/4), 2D (2) 
Breadth - depth ratio--BDR--5, 15, 25 
All combinations of these geome tric factors were modeled in the wind 
tunnel. These combinations resulted in 156 distinct reservoir systems. 
The pressure coefficients as measured for the t wo -dimensional models are 
presented, for all static-pressure locations, as Appendix E. The 12 
tabl es (Tables 52 through 63) are arranged according to leeward slope and 
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breadth-depth ratio. Since the amount of in forma tion that was to be 
logically pr esent ed was too lar ge to handl e ea sily, the r ese rvoi r sh ape 
on which pr essure coefficient valuf's were measured \Vas broken up into 5 
di stinct sections for discussion purposes (Table 7 ). Th e sections were 
the upwind berm (section 1), the leeward slop e into the r eservoir 
(section 2), the reservoir bottom (section 3), the downwind slope i nt o 
the reservoir (section 4), and the downwind berm (section 5). In 
certain instances, t he pressure forces over the entire rese rvoir were 
studied. As previously discussed, certain variables (Table 7) which 
describ ed some form of Cp or a factor thereof were generated to 
faci litate summarizing th e studies. 
Average pressure coefficient over th e reservoir. Th e average Cp 
over the reservoirs (CPAV), which included the sideslopes and bottom of 
the reservoir (sections 2, 3, and 4), ranged from highly adverse CPAV 
-0.22, t o favorable, CPAV = 0.13. Thes e extremes occurr ed for the 
reservoirs with BDR's of 5. CPAV values for a ll other res ervoir geometric 
characteristics were within this range . The most advers e condition \vas 
associated with steep and long approach conditions (SA= 1:1 and SAH = 2) 
and steep leeward slope conditions (SL = 1:1) . The most favorable 
conditions were associated with the flat approach condition and the least 
steep leeward slope (SL = 1:4). 
The mean CPAV value (average across SL, SA, and SAH was more 
favorabl e when the BDR was 15 or lar ge r (Table 9). The mean CPAV value 
was more favorable at BDR = 15 than BDR = 25. This i rr egu larity was a 
resull o[ the hlgh favorabl e CPAV value when SL = 1:1 corresponding to 
the BDR lev e l of 15 (Table 9). CPAV was essentially independent of SL 
when SL was 1:2 or less for BDR values of 15 and 25 but was hi ghly 
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dependent upon SL for the BDR level of 5 . At the BDR lev e l of 5, the 
CPAV ranged from -0.08 t o 0.07 for SL levels of l :l and 1:4 r e spectively . 
These ext r emes (averaged across SA and SAH) were comparabl e to i ndividua l 
CPAV values discussed earlier. 
Table 9. Average pressure coeffic ients over the entire res ervoir 
interior (CPAV) for various breadth-depth ratios and leeward 
slopes 
Leeward slope 
Breadth-depth ratio l :4 1:3 1:2 l : l Mean 
.07 .OS -.07 -.08 .01 
15 .04 .03 . 03 .06 .04 
25 . 03 .03 .03 .04 .03 
As the approach slope height increased, the CPAV valu es became l ess 
favorable (.OS, . 02, and . 01 for l evels of 1/2, 5/4, and 2). 
Approach slope affected the CPAV values significantly (Table 10) 
ranging from 0 . 08 to -0 .02 for SA levels of 0 and 1:1 respectively. These 
effects were essentially the same (proportionally) for all l evels of SL . 
This similarity was r ef l ec t ed by the nons ignifi can t inter action between 
SL and SA derived from an analysi s of variance of CPAV. The most favorable 
CPAV values were recorded when SL was equal to 1:4. The same general 
relationship between SL and SA occurred for al l levels of BDR and was 
reflected by a nonsignificant SL x SAx BDR interaction. 
Th e average pressure coefficient for the reservoir was related t o 
the independent geome tri c parameters through the use of multiple 
r egr ession analysis . A predic tion equation using 6 independent terms 
Ta bl e 10. Average pr essure coefficients ov er the entire r ese rvoir 
interior (CPAV) at various l evels of appr oa ch slope and 
leeward slopes 
Leeward slope 
Approach slope 1:4 1:3 1 : 2 1 :1 
0 .0 7 . 09 .06 .06 
1 :4 .06 .06 .05 . 04 
1:3 .06 .07 .04 .03 
1 :2 .04 .04 .01 0 
1 :1 .01 -.02 - .02 - .04 
Mean8 .04 . 04 .02 .01 
aDoes not include the approach slope of zero 
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was developed that explained 79 percent of the variation in CPAV (Table 11) . 
Th e mos t important single term derived from st epwi se multiple re gression 
analysis t echniques was t he pr oduct of the linear SA and SAH terms 
(R2 = 0.33) followed by the linear SL term. When the sign of the 
re gr e ssion coefficients is inspected, it can be seen that the CPAV value 
is decreased (becomes less favorable) by the product of SA and SAH 
(nega tive re gression coefficient). Hence, the most favorable CPAV occurs 
when the SA x SAH product is a minimum . A similar situation occurs when 
SL is added to the prediction equation . 
Pressure forces on upwind berm. Although the berm of a fl exible 
memhrane-lined r eservoir generally wou ld not be lined, the magnitude and 
distribution of the Cp over this section may have some bearing on what 
occurs furthe r downwind, in the interior of the reservoir. The minimum 
Table 11. Stepwise downward multiple regression analysis summary in which the average pressure coefficient 
(CPAV) for the reservoir two-dimensional models was related to four dimensionless geometric 
variables and the interaction of these, which included linear, quadratic, and cubic terms 
Regression mode l : 
CPAV = b0 + b1 (SA)(SAH) + b 2 (SL) + b3(SL)(BDR) + b4 (BDR) + bs(SA)(SAH)(BDR) + b6(SL)(BDR) 2 
SL 
SA 
where 
Leeward slope, ratio vertical to horizontal 
Approach slope, ratio vertical to horizontal 
SAH 
BDR 
Approach slope height, multiple of D 
Breadth-depth ratio 
Regression coefficients 
Coef. of 
Intercept determination 
Regression No. bo bl h2 b3 h4 hs b6 Rz 
1 .0684 -.0625 0 .33 
2 .0921 -.0625 -. 0454 .38 
3 .0921 - .0625 -.1029 .0038 .49 
4 .1585 -.0625 - . 2001 .0103 - . 0029 .59 
.1998 - .1312 -. 2001 .0103 -. 0072 .0046 .71 
6 .1998 - .1312 - .2900 .0273 -.0072 . 0046 -.0006 .79 
--------------------------- ---------
Coefficient of determination using linear terms on l y: 0.75 
Linear prediction model made up of the 4 pi-terms and the corresponding interaclion fa ctors--total of 
15 terms (independent variables) 
"' '-" 
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adverse Cp (UBEMN) on th e upwind berm occurr ed wh en the approach slope 
was st eep (Tabl e 12). At more flat approach slopes, the UBEMN was 
Tabl e 12 . Maximum adverse pressur e coefficients on the upwind be rm 
(UBEMN) of r eservoir mod e ls associated \Vith various approach 
slopes and heights 
Approach slope Approach slop e 
he i gh t l :4 1: 3 1: 2 l : l Mean 
l/2 -.9 1 - . 96 -. 89 - .33 -. 77 
5/4 -.73 -. 78 -.44 -.26 -.55 
2 -. 70 -. 74 -. 36 -. 29 -.52 
Mean -. 78 - .83 -.56 - . 29 
generally associated with the upwind edge of th e berm (st a tic pressure, 
tube l) while a t steep approach slopes UBEMN approached the downwind 
ed ge of the berm (Tabl e 13), regardl es s of approach hei ght. The values 
in Table 13 are sta ti c pressure tube numbers averaged ove r al l SL and 
BDR l ev el s. The tube number is us ed to r epresent location on t he surface . 
For example, as the valu e (MUBEMN) in Table 13 approaches l, t he upwi nd 
edge of the berm is represented, while if MUBEMN approaches 3, the down -
wind e dge is represented. When the maximum ne ga tive Cp occurred at the 
upwind edge , it w-as gr ea t er in ma gnitude than when it occurred at the 
downwind edge. 
In certain cases the magnitude of the Cp a t the downwind berm edge 
would influ enc e the pressure conditions associated furt her downwind 
within the res ervoir mor e than would max imum ne gatives cp •s f or t he berm 
as a whole . With this to consider, the Cp at the downwind berm edge was 
8 7 
Table 13. Static pressure tub e at which UBEMN occurred (MUBEMN) on 
reservoir models (static pressure tube location l at upwind 
e dge, tube location 3 a t downwind edge) . Location r e lat ed t o 
app r oach slope and height and ave ra ged fo r all lee"ard slopes 
and breadth-depth rat ios . 
Approach slope 
height 
l /2 
5/4 
Mean 
l :4 l :3 
l.l 1.2 
l.O l.l 
l.O l.l 
l.O l.l 
Approach slope 
l :2 l : l Hean 
l.l 2.7 1.5 
2.3 2.5 1.7 
2 .4 2.6 1.8 
1.9 2.6 
studied (Table 14). The Cp was significantly influenced by both th e 
approach slope and l eeward slope. The pr es sur e coefficient at the 
downwind edge of the berm was more adverse for SL values of 1 :4 and 1:3 
and SA values of l :4, 1:3, and 1:2 than at the other SL and SA conditions. 
These same conditions occur r ed for all BDR's . The abrupt change was most 
like l y related to flow separation at sharp edges of t he geometric models. 
Table 14 . Pressure coefficient at downwind edge of upwind berm on 
reservoir models related to approach slop e and leeward slope 
Approach slope 
Leeward slope l :4 l :3 l :2 l : l 
l :4 - .56 -.58 - .45 -.31 
1:3 -.48 -.57 -.44 -. 28 
1:2 -. 21 -.27 - . 28 - .25 
l : l - .16 -.18 -.21 -. 25 
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Th e f l ow separation re gime s illustrate d i n Fi gur e 28 ar e onl y 
hypoth e tical. Th e pr essure distribution ov e r t he geome tric con f i gura -
tions shown we r e us ed, howev er, as a guide in ske tching t he flo\v 
s eparation re gi on. Tufts of yarn atta ch e d t o a res ervo ir mo del \ve r e 
use d t o observ e one such flow r egime. A fl ow pa ttern, i n wh ich th e air 
f l ow dir ection \vas tO\vard the up\vind be r m, was no ted a l ong the bo tt om 
and l eeward sl ope of the reservoir. 
As an exampl e of the application of the ske tches in Figur e 28, t he 
r elative ly low Cp values for th e SA level of 1:1 in Table 14 may be the 
r esult of the flow conditions of Illustration A. 
Prediction equations for the magnitude (UBEMN) and location (MUBEMN) 
o f the maximum negative pressure coefficient on the upwind be rm wer e 
developed (Tabl es 15 and 16). The most important geome tric factors in 
pr edicting UBEMN a nd MUBEMN we r e SA and SAH t e rms al ong with t he two-way 
interaction of SL x BDR2 entering into the prediction o f UBEMN. Th e 
pr ediction of the ma gnitude of Cp at the downwind edge of the upwind 
berm, however, was strongly influenced by terms derived from SL and BDR 
as well as SA (Table 17). 
Maximum adverse pressure coefficient on downwind berm. In all cases, 
except in a few instances when the leeward slope (which would actually 
b e the approach slope to the downwind berm) was 1:1, the maximum adverse 
Cp on the downwind berm occurred at the leading edge of the b erm. The 
magnitude of the maximum adverse Cp was essentially independent of all 
geometric factors. The one exception was when SL was l :1. The maximum 
advers e Cp was then less advers e than for the other l evels. 
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Figure 28. Hypo t hetica l air flow separ ation regions over a reservoir or canal. 
Table 15 . Stepwise dotvmoJard mul tiple regression analysis summary in which the maximum ne ga tive 
pr essure coefficient on the upwind berm (UBEMN) for the reservoir two-dimensional models was 
relat ed to four dimensionless geometric variables and the interactions of these, which 
included linear, quadra tic, and cubic terms 
Regression model: 
UBEMN = b0 + b1 (SA) 2 + b2 (SL)(BDR) 2 + b3(SA) + b4 (SA) 3 + bs(SAH) 
SL 
SA 
where 
Leeward s lope, r atio vertical to horizontal 
Approach slope, ratio vertical to horizonta l 
SAH 
BDR 
Approach slope heigh t, multiple of D 
Breadth - depth ratio 
Regression coefficients 
Regression No. 
Intercept 
bo bl b2 b) b4 bs 
Coef. of 
determination 
R2 
- . 7325 .4317 0 .19 
2 -.8396 .4317 .00071 .3 0 
3 - .5591 1 .4849 . 00071 -1 .3041 .37 
4 -. 3671 11.4687 .00071 -4.6494 - 6.8543 .47 
5 -. 3690 14 . 2131 .00071 - 6.0443 -8. 4125 .1684 .54 
--------------- - ----- --- -- --
Coefficient of determina t ion using linear terms only: 0.39 
Linear prediction model made up of the 4 pi-terms and the corresponding interaction factors--total 
of 15 t e rms (independent variables) "' 0 
Table 16. St epwise dmvmvard multipl e re gr ession analys is summar y in which t he location of t he maximum 
ne ga tiv e pressure coef ficient on th e upwind berm (MUBEMN) for th e reservoir two-dimensional 
models was relat ed to four dimensionl es s geometric variables and th e in t eraction of th ese , 
which i nc lud e d linear, quadratic, and cubic terms 
Re gr ession model: 
MUBEMN = b0 + b1 (SA) 2 + b2(SA) + b3 (SA) 2 (SAH) + b4 (SA)3(SAH) + b5 (S A)(SAH) 
SL 
SA 
\.Jhere 
Leeward s l ope, ratio vertica l to horizon tal 
Approach slope, ratio vertical to horizontal 
SAH 
BDR 
Approach sl ope heigh t, multiple o f D 
Br eadth- depth rat io 
Re gr ession coefficients 
Intercept 
Regression No. bo bl bz b) 
1 - 1.275 1.332 
2 1. 753 3.127 - 2.223 
1. 753 2.929 - 2.223 .159 
4 2.005 7.395 -6.621 7 .085 
2.354 6.620 -6.3 32 22.214 
-------- --- -- -
Coefficient of determination using linear t erms only: 0.43 
b4 bs 
- 7.209 
- 17.169 - 5.093 
Coef . of 
determination 
R2 
0 . 32 
.3 6 
.36 
. 52 
.62 
Linear pr ediction model made up of the 4 pi-t erms and the c orrespondin g int era ction factors - -to t a l 
of 15 terms (independent variables) 
"' >-
Tabl e 17. Step\-vise dmvmvard mult i pl e r egr ession anal ysis summary in which the pressure coefficient at 
the do\~1wind edge of the upwind ber m (Pressure tube No . 3) for t he r eservoir two-dimensiona l 
models wa s r e l a ted t o four di mensionl es s geome tric var i abl e s and th e interactions of these , 
wh ich i ncluded linear, quadratic, and cubic terms 
Regr ession mode l: 
Cp = b0 + b1 (SL) 2 + bz(SL) 3 + b3~A) 2 + b4 (SL)(SA) + b5 (BDR)(SL) 2 + b6 (BDR) 2 (SAH) 
where 
SL: Lee ward slope, ratio vertical to horizonta l 
SA: Appr oach slope, ratio vertical to horizontal 
SAH: Approach slope heigh t, mu lt ipl e of D 
BDR: Br ead th-depth rati o 
Regression coefficients 
Coef. of 
Intercept dete rmination 
Regress ion No. bo bl bz b3 b4 bs b6 R2 
- .4278 .2571 0 . 32 
-. 6083 2.4431 - 2.0273 .48 
3 - . 6362 2.4431 - 2.0273 . 0853 . 52 
4 -. 67 54 3.0020 - 2.3455 . 3325 -. 5888 . 63 
5 -.6754 3.0878 - 2.3455 . 3325 -.5888 - .0057 . 65 
6 -. 7038 3 .1714 -2.3601 . 3384 - . 6159 - . 009 6 . 0001 .68 
'<> 
N 
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Pressure forces on the leeward slope. The leeward r es e rvoir slope 
(upwind slope) was one of th e areas of a r e servoir on which adverse 
pressur e forces were measured. The magnitude and shape of the pressure 
coeffic ient distribution along the leeward slope were different depending 
on the geome tric configuration of the reservo ir. 
Th e average pressure coefficient on the l ee\vard slope was nearly 
th e same f or a ll l eeward slope conditions (Table 18). This "as true for 
al l approach slopes. The av e ra ge Cp values, however, wer e more adverse 
as SA increased for all levels of SL . The average Cp value was not 
affected appreciably by the approach height (Table 19). The range in 
adverse Cp values on the leeward slope decreased as SAH increased, 
ranging from -0.37 to -0.07 and - 0 . 30 to - 0.17 for SAH levels of l/2 and 
2 respectively. Also the maximum adverse Cp was greatest, Cp = -0.37, 
when SAH was a minimum. 
The average Cp was less adverse for the breadth - depth r a tio of 5 
than for BDR levels of 15 and 25 (Table 20) . The range in adverse Cp 
values on the leeward slope decreased as BDR increased, ranging from 
-0 . 31 to - 0.06 and - 0.32 to - 0 .18 for BDR levels of 5 and 25 r e spectively. 
The ranges in Table 20 wer e averages for all l eve ls of SL, SA and SAH . 
The range increased even more as SL and SA decreased. 
Even though the average Cp ' s for the surface were similar fo r a l l 
levels of SL (Table 18), marked differences in the individual pressure 
measurement values were evident . When SL l evels were less than, or equal 
to, 1:3 and SA levels were less than, or equal to, 1 :2, individual Cp 
values were apt to be more adverse (near the top e dge of the s l ope ) and 
have a wider range from the top of the slope to the bottom . In the most 
extreme case (SL =SA = 1:4) the Cp valu es ranged from - 0.54 to 0. 10 for 
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Tabl e 18. Pr e ssur e coe ffici ents on the leeward slop e o f a r e s e rvoi r f or 
various l eeward and approach slope conditions 
Tub e No. 
Lee ward on Approach s l ope 
l eeward s l ope 
s lope!/ l :4 1:3 1:2 l : l Nean 
l :4 4 -.54 -.56 - .44 - .32 -. 46 
5 - . 20 -. 25 -. 27 - . 27 - .25 
6 -.06 -.1 0 -.18 - . 25 -. 15 
7 .03 -.01 -. 12 -.24 -. 09 
8 .10 .07 -. 06 - .22 -. 03 
Mean - . 13 -.1 7 -. 21 - .26 -.19 
1 :3 4 - .4 2 - .52 - .42 -. 28 - .41 
5 -.21 - .24 -.25 -. 27 -. 24 
6 -.14 -.13 -.18 -. 26 -.18 
7 -.08 - .06 -.13 -. 26 -.13 
8 -.02 -. 02 - .1 0 -. 27 -.1 0 
Mean - .17 -.19 -.22 -.27 -.21 
l :2 4 - . 18 - .24 - .28 - .26 -. 24 
5 - .16 - . 20 -.24 -. 25 -.21 
6 - .16 -.20 -.25 - . 25 -. 21 
7 -.17 -.20 -.25 -. 25 - . 22 
8 -.1 7 - .20 - .24 - .26 - . 22 
Mean 
- .17 -.21 -.25 - . 25 -. 22 
1 :1 4 - . 15 -.20 - . 24 - .26 -.21 
5 -.13 -. 16 -.20 -. 25 -.18 
6 -.13 -.1 6 -. 20 - . 24 - .18 
7 - .13 - . 16 -.20 - . 25 - . 19 
8 -.13 -.16 -.21 -. 25 -.19 
Mean - . 13 - .17 - .21 - . 25 - . 19 
lj Tube No . 4 near top edge of slope; r efer to Fi gur e 16 
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Tabl e 19 . Pre ssure coe ffi c ients on t he l e eward slope o f a r e s ervoi r f or 
vari ous ap pr oach s l ope he i ght conditions 
App r oach s l op e hei ght 
Tube No . on leeward s l ope!/ 1/2 5/4 
4 - 0 . 37 - 0 .31 -0 . 30 
- 0 .21 - 0 . 23 - 0.23 
6 - 0 .14 - 0 .19 - 0 . 21 
-0.11 - 0. 17 - 0.19 
8 - 0 . 07 - 0 . 15 - 0 . 17 
Mean -0.18 -0 . 21 -0.22 
l/ Tub e No . 4 nea r t op edge o f s l ope ; refer t o Fi gur e 16 
Tabl e 20 . Pressur e coe ffici ents on the l eewar d slope o f a r e s ervoir fo r 
var i ous br eadth- depth r a t io l evels 
Br ead th- depth ra ti o 
Tube No . on l ee\vard slop elf 5 10 25 
4 -0.31 -0. 36 -0.32 
-0 . 17 -0. 24 - 0 . 26 
6 -0 . 12 - 0 . 20 - 0 .22 
-0.09 - 0 .1 8 - 0.20 
8 - 0 .06 - 0 . 16 - 0 .1 8 
Mean - 0. 15 -0. 23 -0 .24 
l/ Tube No. 4 near t op ed ge of slope; r efe r to Fi gur e 16 
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static pressure tube locations 4 and 8 respectively. These values are an 
average of all breadth-depth ratios and approach slop e heights. The 
response was the same fo r all BDR levels (interaction of SL x SA x BDR x 
location on slope not significant). The range was increased sli ghtly 
when SAH decreas e d. The other SL and SA levels shm•ed near constant 
adverse Cp distributions over the surface, which is probably a result 
of the entir e leeward slope bein g included in the wake downstream of a 
separation point, Illustration A orB in Figure 28. Extreme Cp values 
as noted earlier when SL and SA were flatter were not evident for 
steeper conditions. 
The most adverse pressure coefficients were associated with the 
geome tric configurations yielding large Cp ranges over the slope 
(Tables 18 and 21). Maximum adverse Cp values (USLMN) decreased with 
increas ed leeward slope, but this decrease was l ess ex t ensive for steep 
approach slopes. Maximum adverse Cp values generally were not affected 
Table 21. Maximum adverse pressure coefficients on the leeward slope 
(USLMN) of reservoir models associated with various leeward 
and app roach slopes 
Leeward Approach slope 
slope l :4 1:3 l :2 1 :1 
1 :4 -. 54 - .56 -. 44 -. 32 
1 :3 -.42 -.52 -.42 - .28 
l :2 - .18 -.24 -. 28 -. 26 
1 :1 -. 15 -. 20 - . 24 -.26 
Mean -. 33 -.38 - .34 - . 28 
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by the BDR (Table 22). Large adverse Cp values just over the berm ed:;e, 
when the leeward slope was 1:3 and the breadth-depth ratio was 15, 
resulted in the maximl!m adverse Cp at SL of 1:3 to be more ne ga tive than 
at a leeward slope of 1:4. This condition did not exist for other SA 
or BDR levels. 
Table 22. Maximum adverse pressure coefficient s on the leeward slope 
(USLMN) of res ervoir models associat ed with various l eeward 
slopes and breadth- depth ratios 
Leeward Breadth-depth ratio 
slope 5 15 25 Mean 
l :4 -.46 -.44 -.49 - .46 
1:3 - .40 -.48 - . 35 -. 41 
1:2 - . 21 -.27 -.26 -.24 
1:1 -.16 - . 24 -.23 -. 21 
Mean -.31 -.36 -.33 
The maximum adverse Cp on the leeward slope occurred at the top 
edge of the slope when the breadth-depth ratio was 5 but occurred ·down-
slope somewhat as BDR i ncreased (Tables 23 and 24). Distinct tr ends in 
th e location with re gard to leeward and approach slope were not present. 
Pr ediction equations for the magnitude (USLMN) and location (MUSLMN) 
of the maximum adverse pressure coefficient on the leeward slope were 
developed, Table s 25 and 26. Magnitude of the most adverse Cp value was 
hlghly predictable from SL and SA factors with SAH entering the equation 
in one instance. Such would be expected from a study of Tabl es 21 and 22. 
Breadth-depth ratio entered into the prediction of MUSLMN along with SL 
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Table 23. Static pressure tube at which US LMN occurred (MUSLMN) on 
reservoir models (static pressure tube loca t ion 4 a t th e top 
edge of leeward slope ) . Location related to br eadth - depth 
ratio and leeward slope and averaged for all approach slopes 
and approach s l ope heights 
Leeward slope 
Breadth-depth ratio 1 :4 1 :3 1 :2 1 :1 Mean 
5 4.0 4 . 0 4.0 4.0 4.0 
15 4 . 3 4 . 6 5 .8 4.0 4 . 7 
25 4.5 5.0 6.3 6.7 5.6 
Mean 4 . 3 4.5 5.4 4.9 
Tabl e 24. Static pressure tube at which USLMN occur red (MUSLMN) on 
reservoir models (stati c pressure tube location 4 at the top 
edge of leewar d s l ope). Location related to br eadth - dep t h 
ratio and approach slope and aver a ged for all l eeward slopes 
and approach slope heights 
Approach slope 
Breadth - depth ratio 1 :4 1:3 1:2 1:1 Mean 
5 4.0 4.0 4.0 4.0 4.0 
15 4.8 4 . 0 4 .2 5.8 4. 7 
25 5.4 4.9 5.9 6.2 5.6 
Mean 4 .8 4.3 4.7 5.3 
and SA. The approach slope height was not found to be important to the 
prediction of the l ocation when t he best six factors were selected by 
multiple regression techniques. 
Table 25. Stepwise downward multiple regression analysis summary in which the maximum negative 
pressure coefficient on the upwind l eeward slope (USLMN) for the reservoir two-
dimensional models was related to four dimensionless geometric variables and the 
interaction of these, which included linear, quadratic, and cubic terms 
Regression model: 
USLMN = b0 + b1 (SL)2 + b2(SL) 3 + b3(SAH)3 + b4 (SL)2(SA) + b5 (SL)3(SA) 
where 
SL: Leeward slope, ratio vertical to horizontal 
SA: Approach slope, ratio vertical to horizontal 
SAH: Approach slope height, multiple of D 
BDR: Breadth-depth ratio 
Re gression coefficients 
Intercept 
Regression No. bo bl b2 b3 b4 
-.4101 .231 
-. 5891 2.399 - 2.010 
3 -. 6048 2.399 -2.010 .0579 
4 -. 6320 2.583 - 2 . 010 .1579 - .382 
-.6689 3. 735 -3 .101 .2940 -2 .783 
Coefficient of determination using linear terms only : 0.49 
b5 
Coe f. of 
determination 
R2 
0.29 
.48 
.50 
.58 
.62 
Linear prediction model made up of th e 4 pi-terms and the corresponding interaction factors- -
total of 15 terms (independent variables). "' 
"' 
Tabl e 26. St e pwis e do,vnward multiple regression analysis summary in which the loca t ion of the maximum ne gative 
pressure coeffic ient on the upwind leeward slope (MUSLMN) fo r the reservoir two- dimensional models 
was related to four dimensionless geometric variables and the interactions o f these, which included 
linear, quadra t~c, and cubic terms 
Re gression mode l : 
MUSLMN = b0 + b1 (SL)(SA)2 + b 2 (SL)3(BDR) + b3 (BDR) + b4 (SA)2 + b5 (SL)3(SA)3 + b6 (SA)(BDR) 
where 
SL: Leeward slope, ratio vertical to horizontal 
SA: Approach slope, ratio vertical to horizontal 
Intercep t 
Re gression No . bo bl b2 
4.362 .0752 
2 3.610 . 7760 -. 6763 
1 3 .472 . 5968 - . 5149 
4 3 . 338 . 5685 - .4414 
5 3 .540 .4858 -. 4915 
6 3.346 1 .4646 -1.4499 
SAH: Approach slope height, multiple of D 
BDR: Br ead th-depth ratio 
Regression coefficients 
b3 b4 b5 
. 0424 
.1016 -.1223 
.0955 - .1142 .0056 
. 1261 -.1551 .0183 
b6 
- . 0130 
Coef. of 
determination 
R2 
0 .14 
.33 
. 41 
.48 
.50 
.57 
Co efficient of determination using linear terms only: 0.50 
Linear prediction model made up oE the 4 pi - t erms and the corr e sponding interaction factors--total of LS 
t er ms ( independ en t variables). 
'""" 0 
0 
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Figur e 29 was deve l oped to determine t he l ocation on the leeward 
slope at which the most adve r se Cp value occurred \Yhen MUS LMN was known. 
The distance from the berm to the l oca t ion of the maximum adverse Cp on 
the slope can be found for leewar d slopes of 1:5, 1:4, 1:3, 1:2, and l:l. 
MUSLMN wou ld necessarily be calcul a t e d from t he prediction e quations in 
Tabl e 26 or t aken from Tabl es 23 or 24. 
As was shown in Table 18, t he press ure coeffic i en t on th e lee\vard 
slope was favorable (Cp>O) under certain condit ions. As an indicator of 
when a favorable Cp on the leeward slope migh t occur, t he number of 
static pressure tub es a t which Cp was grea ter t han zero (KSLNP) was 
studied. As SL and SA increased, KSLNP decreased for a ll leve l s of 
BDR (Tables 27 and 28 ) . 
Table 27 . Number of stat ic pressure tub es a t which a favorable pr ess ur e 
coefficien t (KSLNP) on t he le eward slope of r eservoir models 
was recorded. Numb er rel a ted to bread th-depth ra tio and 
leeward slope. There were five tubes on the slope. 
Leeward slope 
Br eadth -depth ratio l :4 l :3 1:2 l : l Mean 
5 l.7 l.O 0 0 . 7 
15 l.l .6 0 0 .4 
25 .6 .3 0 0 .2 
Mean l.l . 6 0 0 
Favor able Cp's were more l ike ly to occur when SL, SA , and BDR we r e 
min i mums . When the approach slope he i gh t decreased, KSLNP increased. 
0 
' 
_J" 2 
(/) 
5 6 
MUSLMN 
7 8 
Figure 29. Solut ion curves for determination of the location of the 
maximum adverse pressure coef ficient on the leeward slope 
of a canal or reservoir after MUSLMN is known. 
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Table 28. Number of static pressure tubes at which a favorabl e pressure 
coefficient (KSLNP) on the l eeward slope of r eservoir models 
was recorded. Number r elated to breadth-depth ratio and 
approach slope . Ther e were five tubes on the slope. 
Approach slop e 
Breadth-depth ratio l :4 l :3 1:2 1 : l ~~ 
5 .8 . 9 .8 .2 . i 
15 .7 . 7 .3 0 .4 
25 .5 .3 .l 0 .2 
Mean . 6 . 6 .4 .l 
Prediction equations for KSLNP were developed (Table 29). All 
four geome tric characteristic parameters were found to be important wh en 
five factors were used in the equation. The most important factors, 
however, were SL and SA, or combinations thereof . 
Pr essure forces on downwind slope. In most instances, the pressure 
coefficient on the downwind slope into the reservoir was favorable . As 
pointed out previously in the three-dimensiona l study, adverse pressures 
occurred just below the berm. As an indicator of wh en an adverse Cp on 
the downwind slope might occur, the number of static pressure tubes at 
which Cp was l ess than zero were studied. 
As th e breadth - depth ratio increased, adverse pressure forces were 
more likely to occur (Table 30). The number of locations were .4, .8, 
and .8 for BDR values of 5, 15, and 25 respectively when averaged for 
all levels of SL, SA, and SAH. As the leewar d slope increas ed , 
Table 29 . Stepwise downward multip l e regression analysis sun~ary in which the number of static 
pr essur e tubes indicating a pressure coefficient of zero or greater (KSLNP) for the 
reservoir two-di mensiona l models was related to four dimensionless geometric variables 
and the interaction of these, which inc luded linear, quadratic, and cubic terms 
Regression model: 
KSLNP = b0 + b1 (SL) + b2 (SL)3 + b3 (SA) + b4(SL)(SA) 2 + b5 (SAH)(BDR) 
where 
SL: Leeward slope, ratio vertical t o horizontal 
SA: Approach slope, ratio vertical to horizontal 
SAH: Approach slop e height, mul tipl e of D 
BDR: Breadth - depth ratio 
Regression No. 
1 
3 
4 
Intercept 
bo 
1. 277 
2.885 
3.390 
4.044 
4 . 208 
bl 
- 1.45 7 
-6.716 
-6.716 
- 7 .451 
-7.387 
Re gression coefficients 
b2 b3 b4 
3 .831 
3.831 -1. 053 
3.831 - 2.4 15 2.241 
3.831 -2 .183 2.044 
Coefficient of determination using linear terms only: 0.58 
b5 
- .0159 
Coef. of 
determination 
R2 
0. 21 
.34 
.4 7 
. 56 
. 62 
Linear prediction mode l made up of the 4 pi-terms and the correspondin g int~raction fact ors--
t otal of 15 terms (independent variables) 
0 
+' 
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Table 30. Number of static pressure tubes at which an adverse pressure 
coefficient on reservoir downwind slopes was recorded. 
Number related to breadth -d ep th ratio and leeward slope. 
There were four tubes on the slope. 
Lee\vard sl ope 
Breadth-depth ratio l :4 1:3 l :2 l : l Mean 
5 .8 • 7 .l . 2 . 4 
15 l.O l.O l.O 0 .8 
25 1.4 l.O .8 0 . 8 
Mean l.l . 9 .6 .l 
the occurrence of adverse pressures decreased. The number of locations 
was not affected by SA, except a decrease was noted when the BDR was 5 
and SA was l :1. 
In all cases, the adverse pressure conditions were found just below 
the berm. The first static pressure tube was l ocated one-fifth the slope 
length below the berm on the two-dimensional models. It is likely that 
adverse pressures do exist for all geometric configurations but occur 
between the top pressure tube located on the slope and the berm (no 
pressures measured on two - dimensional res ervoir model within this area). 
Pressure forces on bottom of reservoir. The average pressure 
coefficient (BCP) on the bottom of the reservoirs ranged from -0.26 t o 
0.21. These ex tremes occurred for a BDR level of 5. The BCP values were 
least favorable, on an average, when BDR was 5 (Table 31). No adverse 
BCP values were found where the breadth-depth ratios were 15 or 25. 
Average pressures on the bottom became l e ss favorable as the leeward and 
approach slopes became steeper. In the case of BDR = 5, the BCP values 
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Tabl e 31. Av erage pressure coefficient over the bottom of the 
reservoir (BCP) a t various levels of breadth-depth r a tio , 
leeward slope, and approach slope 
Br eadth-depth Leeward Approach slope 
ratio slope 1 :4 1 :3 l :2 1 :1 Mean 
5 l :4 .18 .18 .18 .09 .16 
1:3 .18 .20 .ll .07 .ll 
1 :2 .04 .06 - .04 - .lS - . 02 
1 : l - .05 - .05 - .10 -. 22 - .ll 
Mean . 09 . 10 . 04 -.09 .03 
lS l :4 .08 .08 .07 . 06 . 07 
l :3 .08 .08 .06 .04 .07 
1:2 .08 .08 .06 .03 .06 
l : l .09 .08 .OS .03 .06 
Mean . 08 .08 .06 .04 .06 
25 1 :4 .05 .05 .05 .05 .05 
1:3 . 06 .OS .OS .04 .05 
1:2 . 06 . 05 .04 .04 .05 
l :1 .06 .04 .04 .02 .04 
Mean .06 .05 .05 .04 .OS 
were extremely adverse at large SL and SA levels. The BCP was adverse 
for all approach slope levels wh en the l eeward slope was 1:1 . BCP ~>as 
also adverse for a leeward slope of 1:2 for approach slopes of l:l and 
l :2 0 
BCP va l ues became significantly more favorable as approach slope 
height decreased (0 .03, 0 .04, and 0.07 for SAH levels of 2, 5/4, and 
1/2 respectively). These values were averaged for all l evels of SL, SA, 
and BDR. 
BCP was related to the various i ndep endent geometric parameters or 
multiples thereof to yield prediction equations using up to six terms 
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(Table 32). The single most important factor was SL (linea r) followed 
by SA (quadratic). In all six instances, the most important parameters 
as selected throu gh stepwise multiple regression techniques were made 
up of SL, SA, and BDR terms. Not once did approach slope height enter 
into th e equation. The r egr ession coefficient signs associated with SL 
and SA were negative, indicating that as these variables increased BCP 
va lues became less favorable and could become adverse. This was in 
accordance with the information presented in Table 31. 
Maximum adverse or least favorable pressure coeffici ents were noted 
for the bottom of the reservoirs . Pressure coefficients were least 
adverse when th e breadth-depth ratio was 5 (Table 33). Favorable to near 
favorable conditions occurred at low SL and SA levels, for all BDR levels 
(Tables 33 and 34) . W1.1en SL and SA were 1:4 and 1 :3, the Cp values 
ranged from 0.06 to 0 where averaged for all BDR's. As SL and SA 
increased, the maximum adverse Cp values increased (Tabl es 33 and 34). 
As approach slope height increased, the maximum adverse Cp also increased. 
The mos t adverse Cp value on the r eservoir bottom occurred at the 
t oe of the leeward slope. When the least favorable Cp values were greater 
than zero, the loca t ion of occurrence ge nerally moved out from the toe 
more toward the center of the reservoir bottom. 
Maximum favorable pressure coefficients on the res ervoir bottom 
generally occurred at the toe of the downwind slope. Favorabl e Cp values 
were as high as 0 .44 in a specific situation. Pressure coefficients 
were more favorable when SL was large (Table 35) for breadth-depth ratios 
of 15 and 25. The contrary was true when the BDR was 5. This decrease 
in favorable conditions as SL increased was extreme when th e breadth-depth 
Table 32. Stepwise downward multiple regression analysis summary in which the avera g e pressure co e ffici ent 
across the bottom (BCP) for the reservoir two-dimensional models was related to four dimensionless 
geometric variables and the interactions of these, which included linear, quadratic, and cubic terms 
Regression model : 
BCP = b0 + b1 (SL) + b2 (SA)2 + t 3 (SL)2(BDR) + b~(BDR) + bs(SL)3(BDR)2 + b6 (SA)3(BDR) 
where 
SL: Leeward slope, ratio vertical to horizon t al 
SA: Approach slope, ratio vertica l t o horizontal 
SAH: Approach slope height, multiple of D 
BDR: Breadth-depth ratio 
--- - -------------------.--------------
Regress i on coefficients 
Coef. of 
Intercept determination 
Regression No . bo bt b2 b3 b4 bs b6 R2 
.1130 - .1175 0.17 
2 .1408 -.1175 - . 084 7 .32 
3 .1737 -. 2523 - . 084 7 .0070 .45 
4 .2518 - .3440 - .0847 .0117 - .0037 .52 
5 .3292 -.5904 - .0847 .0471 -.0067 - .0011 . 63 
6 .3719 - .5904 - .2150 .0471 - . 0089 -. 0011 .0082 .74 
Coefficient of determination using linear terms only: 0.70 
Linear prediction model made up of the 4 pi-terms and the corresponding interaction factors--total of 15 
terms (independent variables) 
~ 
0 
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Table 33. Maximum adverse or l east f avorabl e pressure coefficient 
over the bottom of the reservoir a t various leve ls of 
breadth - depth ratio, leeward slope, and approach slope 
Bread th- d~pth Lee\vard Approach sl ope 
ratio slope l :4 1:3 l :2 l:l Mean 
5 l :4 . 15 .15 .15 -.10 .09 
1:3 .08 .14 .03 - .21 . 01 
1:2 - .10 - .12 - .18 -.23 - .16 
l:l -. 08 - .ll - . 18 -. 26 - . 16 
Mean . 01 .02 -.04 - . 20 - .06 
15 l :4 . 03 .03 -. 14 - .25 -.08 
1:3 - .02 - .01 - .18 - .30 -.13 
1:2 - .19 - . 20 -.26 - .31 - .24 
l : l - .17 - . 2l -.29 - .31 -. 24 
M..: an - . 09 - . 10 -.22 - .29 - . 17 
25 l :4 .oo - .02 - . 05 -.16 - . 06 
1:3 -.04 - .12 - .16 - .26 -.14 
l :2 - .20 - .24 - . 26 -. 28 -. 24 
l : l -.20 - .24 - .29 -. 31 -. 26 
Mean - .ll - .16 -. 19 -.25 - . 18 
Table 34. Maximum adverse or l eas t favorable pressure coefficient 
over bottom of the reservoir at various levels of l eeward 
slope and approach sl ope 
Approach slope 
Leeward slope l :4 1:3 1:2 l : l Mean 
l :4 . 06 . 05 - . Ol - .17 -.02 
1 :3 .01 . 00 -.1 0 -. 26 - .09 
1:2 -.1 6 -. 19 - . 23 - . 27 - . 21 
1 :1 -. 18 - .19 - .25 -.29 -. 23 
Mean - . 0 7 - .08 - .15 - . 25 
llO 
Tabl e 35. Maximum favorable pressure coefficient over the bottom of 
the reservoir at various levels of breadth-d epth ratio , 
l eeward slope, and appr oach slope 
Breadth-depth Leeward Approach slope 
ratio slope l :4 1:3 1:2 l : l Mean 
l :4 .29 . 31 .31 .27 . 29 
1:3 .31 . 33 .28 .17 .28 
l :2 .22 . 28 .21 .08 .20 
l :1 .05 .08 .07 - . 07 .03 
Mean .22 .25 .22 . ll .20 
15 l :4 .27 . 27 .25 . 20 . 24 
1:3 . 30 . 31 .29 .23 .28 
1:2 .36 .36 .34 .28 .33 
l : l .42 .42 .43 . 35 .40 
He an .34 . 34 .32 .26 .31 
25 l :4 .25 .24 .22 .20 .22 
l :3 . 27 .27 .26 .23 .26 
1 :2 .33 .32 .31 .26 .30 
1:1 . 38 . 37 .35 .30 . 35 
H:=:an .31 .3 0 . 29 .24 .28 
ratio was 5, even becoming adverse when SA was 1:1. The decrease in 
favorable conditions resul t ed in the least favorable pressure coefficients 
to be associated 1<ith th e BDR level of 5 (Cp = 0 . 20 for BDR 5 as compared 
to 0.31 and 0.28 for BDR levels of 15 and 25 respectively). Maximum 
favorable pressure coefficients were essentiall y constant fo r SA levels 
of 1:4, 1:3, and 1:2 for all SL and BDR lev els. Pressure coefficients 
were l es s favorable, however , for the SA l evels of 1:1. As approach 
slope height decreased, the maximum favorable Cp value on the bo ttom of 
the reservoir increased. 
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Transition from adverse to favorable pressure conditions. In the 
previous sections dealing with leeward and downwind slopes and bottom of 
the r eservoirs, reference was made to adverse and favora bl e pressure 
forces, which included magnitude, number, and location . Existence of 
either adverse or favorabl e pressures, or both, on any particular surface 
was dependen t upon certain geometric configurations. On the leeward 
slope, favorable Cp values were more apt to occur if the approach and 
leeward slopes were flat. On the r eservoir bottom, adverse pressures did 
not exist when approach and l eeward slopes were at a minimum . This would 
be expected when considering the leeward slop e conditions. Oc1 the 
downwind slope, the main part of the slope was g~nerally under favorable 
pressure conditions with the change from favorable to adverse Cp resulting 
near the top edge of the s l ope . Only in a few instances was the pressure 
adverse near Lh~ toe of the slope. 
T.1e transition from advers e to favorable can be s ummarized by 
inspection of a variable relating t he point of transition from the toe 
of the l eeward s l ope to the breadth of the r eservoir bottom (XLR). Refer 
to Table 7 for a sketch of the dis tances involved in calculating XLR. 
Negative XLR values indicat e the transition is on the leeward slope, 
while positive XLR values r ef l ect transit ions on the reservoir bottom 
or downwind slope . 
When XLR was averaged for al l levels of SAH and BDR, the values 
t end to become smal l er (even becoming negative) as SL and SA decreased 
(Table 36). Tnis is the same situation as reflected in the earlier 
discussions involving the pressure forces on the leeward slope . This 
condition exists for all breadth-depth ratio levels (Table 37). As 
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Tabl e 36 . Location on reservoir at which pr essur e coefficient went from 
adverse to favorable (XLR) at various levels of lee"ar d slope 
and approach slope 
Approach slope 
Lee"ard slope l :4 1 :3 l :2 1 : l He an 
l :4 -.200 - .177 -.09 7 .091 -. 096 
1:3 - . 063 -.093 .068 .316 . 057 
1:2 .230 . 218 .321 .431 .300 
l : l .414 . 382 .444 .526 .44 2 
Mean .095 .083 .184 .341 
Tabl e ·37. Location on reservoir at which pressure coefficien t went from 
adverse t o favorab l e (XLR) at various levels of breadth - depth 
ra t io, l eeward slope, and approach slope 
Breadth - depth Leeward Approach slope 
ratio slope 1 :4 1:3 1:2 l :1 Mean 
5 l :4 - .409 - .391 -. 366 . 092 - . 268 
1:3 -.176 -. 273 .013 . 623 .046 
1:2 .438 .384 .609 .872 .5 76 
l:l .857 . 753 .818 1.041 .867 
Mean .1 77 .118 . 269 . 657 . 305 
15 1 :4 - .125 - .119 .055 .135 - .013 
l :3 - .018 - .037 .113 .193 .063 
1:2 .140 .1 23 .209 .261 .183 
1 : l .238 .229 .322 .335 . 281 
Mean .058 .049 .175 . 231 .128 
25 l :4 -.064 -.0 22 .018 . 045 -.006 
l :3 . 005 .033 .080 .1 32 . 062 
1:2 .112 .146 . 145 .1 59 . 140 
1 :1 .14 7 .1 66 .192 . 202 .177 
Mean .050 .081 .109 .135 .093 
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BDR increased, XLR decreased (0.305, 0.128, and 0.093 fo r BDR l eve l s of 
5, 15, and 25 respective l y). The range in XLR values was gr ea t e st whe n 
BDR was 5 where both the most negative and lar gest po sitive XLR o c curr e d 
(-0.409 at SL; SA 1:4 and 1.041 at SL ; SA; 1:1). The XLR gr ea t er 
than one indicated adverse pressure forces over the entir e r e s ervo ir 
bottom. The number of negative XLR quantities increased as BDR de crea s e d. 
The XLR value became less positiv e as approach slope hei ght dec r eased 
(0.235, 0.194, and 0 . 098 for SAH levels of 2, 5/4, and l/2 respe ctive ly). 
The adverse pressure area in relationship to the entire res ervoir 
was a minimum when the approach and leeward slopes and breadth-depth ratio 
were small. Also, if these conditions exist, then the adverse pressure 
area was confined to t he leeward slope, and did not occur on the bottom. 
Prediction equa t ions for XLR were developed using multiple regression 
techniques (Table 38) . The equation terms were made up mainly of various 
combinations and forms of SL, SA, and BDR. Seventy- nine percent of the 
variation in XLR was explained by six terms selected by stepwise multipl e 
regression analysis t echniques. 
Canal St udies 
The canal geome tri c char acteristics studied were : 
Leeward slope (bo t h upwind and downwi nd) --SL- -1:2, 1:1.5 
Approach slope -- SA--O, 1:4, 1:3, 1:2, 1:1 
Approach slope height -- SAH- - 1/2, 5/4, 2 
Breadth- depth ra t io-- BDR--1/2, 5/4, 2 
All studies were comple t ed using t wo - dimensional models, 3 inches 
wid e . All combina t ions of t hese geometric factors were modeled, which 
resulted in 78 distinct canal systems . 
Table 38. Stepwise downward multipl e re gression ana l ysis summary in which the X:L ratio (XLR, r efer t o Tabl e 
7) for the reservoir two - dimensional models was related to four dimensionless geome tric 
variables and the interactions of these, which included linear, quadratic, and cubic terms 
Regression model: 
XLR = b0 + b1 (SL) + b2 (SL)(BDR) + b3(SA)(SAH) + b4(SL) 3 + b5(BDR) + b6(SL) 2 (BDR) 2 
SL : 
SA: 
where 
Leeward slope, ratio vertical to horizontal 
Approach slope, ratio vertical to horizonta l 
SAH: 
BDR: 
Approach slope height , multiple of D 
Breadth-depth ratio 
------------------------------------
Regression coefficients 
Coef. of 
Intercept dete rmination 
Regression No. bo bl b2 b3 b4 b5 b6 R2 
- .1796 . 658 0.32 
-.1796 1.086 - .0286 .49 
3 -.3072 1.086 -. 0286 . 2127 .60 
4 -. 7203 2.437 -. 0286 . 2127 -.984 . 67 
5 -1.0295 2.890 -.0587 . 2127 -.984 .0206 . 73 
6 -1.3918 4. 200 - .1757 . 2127 -1 .489 .0492 .00303 .79 
Coefficient of determination using linear terms only : 0.76 
Linear prediction model made up of the 4 pi - terms and the corresponding interaction factors--total o[ 
15 terms (independent variables). ~ 
~ 
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The pressure coefficients as measured for the two-dimensional 
canal models are presented, for all static press ure tube locations, as 
Appendix F. The six tables (Tables 64 thr ough 69) a r e arra nged according 
to leeward slope and breadth - depth ratio . Du e t o th e vastness of t hese 
data, certain variables were generated, similarly to those used in the 
two - dimensional reservo i r s t udy, to help in summarizing the information 
(Table 7). In some instances, specific Cp values for a posi tion on the 
canal model were used for analysis; while in other instances, averages 
for a section being studied were us ed. 
Average Pr essure Coefficient Over t he Cana l 
The avera ge pr essure coefficient (CPAV), which included the sidesl opes 
and bottom of the canal (Sec t ions 2, 3 , and 4, Table 7), r a nged from -0 .18 
to 0 .12 . The mos t adverse condi tion occur red when the approach slope was 
steep (SA= 1:1) and long (SAH = 2) . TI1e most favo r able condition was 
observed when the approach slope was again s t eep, but short (SAH = 1/2). 
The CPAV was adver se when the approach s l ope was steep (SA= l:l) 
for all bread t h - dep t h r atios (Tab l e 39) when averaged across approach 
s l ope height. The CPAV trend was t oward more favo r able conditions as the 
approach slope inc r eased up to 1 :2, bu t decreased sharply for the l:l 
slope. CPAV was, however , dependen t upon SAH when the approach slope was 
steep and became favo r able when SAH was sma l l . In most cases CPAV 
became more favorable as the approach s l ope height decreased, averaging 
from - .02, ·- .01, t o .05 for levels of 2, 5/4, and 1/2 respectively. 
CPAV va lues wer e mor e fav orabl e wh en the l eewar d slope was t he 
fla tt est (SL = 1 :2) studied (Table 39 ). TI1e CPAV var iable, on an average , 
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Table 39 . Av erage pr e ssure coefficients over th e entir e canal interior 
(CPAV) for various br ead th-depth r atios and l eeward and 
approach slopes 
Breadt h-depth Leewar d Approach slope 
ra t io sl ope 1 :4 1:3 1 : 2 1 :1 Mean 
1/2 1 :2 .03 .02 . 04 -.04 . 01 
1 :1 .5 0 -. 01 .02 -.1 0 -.02 
5/4 1:2 .04 .05 .06 - .04 .03 
1 :1.5 .01 .01 .03 -. 08 .01 
1:2 .03 .02 .05 - . 03 . 02 
1 :1.5 .01 .02 . 04 - .06 0 
became even mor e favorable as th e breadth-depth ratio increased, with th e 
trend most apparent wh en the l eeward slope was 1:1.5. 
The av erage pressure coefficient over the canal was related t o al l 
independent geome tric parameters by means of mul tiple regression t e chniques. 
A prediction equation using but three terms explained 86 pe rcent of t he 
variability in CPAV (Table 40). The most commonly occurring fac tor was 
the cubic fo rm of the approach slope (SA) 3 ei th er alone or in combination 
with the linear of quadratic form of the approach sl ope hei ght. When 
only thr ee terms were used, neither SL nor BDR was involved in the 
prediction of CPAV. This would indicate that CPAV was much more 
r e spons i ve to SA and SAH than to SL and BDR, even thou gh certain trends 
were apparent in Tabl e 39. 
Pr es sure Forces on the Upwind Berm 
Althou gh the berm of a canal would not be lined with an exposed f lexi ble 
membrane, t he pr e ssure forces measured on the be rm ar ea would be indi cative 
of expected pressure forces within the canal, and hence ar e part of the 
Table 40. Stepwise downward multiple re gression analysis summary in which the average pressure 
coefficient (CPAV) for the canal two-dimensional models was r e lat ed to four 
dimensionless geome tric variables and the interaction of th ese, which included linear, 
quadratic, and cubic terms 
Regression model: 
CPAV = b0 + b1 (SA) 3 (SAH) + bz(SA) 3 + b3 (SA)3(SAH)2 
where 
SL: Leeward slope, ratio vertical to horizontal 
SA: Approach slope, ratio vertical to horizontal 
SAH: Approach slope height, multiple of D 
BDR: Breadth-depth ratio 
Regression coefficients 
Intercept 
Regression No. bo bl b2 b3 
.0380 - .0931 
2 .0302 -.1589 .1111 
3 .0302 - . 5474 .2956 .1554 
Coefficient of determination using linear terms only: 0.71 
Coef. of 
determination 
R2 
0. 65 
.77 
.86 
Linear prediction model made up of the 4 pi-terms and the corresponding interaction factors--
total of 15 terms (independent variables) . 
~ 
~ 
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discussion. Maximum adverse Cp 's (UBEMN) occurred at the l eading edge 
of the berm for all geometric conditions, except wh en th e approach slope 
hei ght was 5/4 and 2 and the approach slope was l:l (Table 41 ). 
Table 41. Static pressur e tube at which UBEMN occurred (MUBEMN) on 
canal models ( s tati c pr e ssure tube location 1 at upwind ed ge , 
tube location 3 at downwind edge) . Location relat ed to 
approach slope and hei gh t and averaged for all l eeward slope s 
and breadth- depth ratios 
Approach slope Approach slope 
heigh t l :4 1:3 1:2 l : l Mean 
l/ 2 l.O l.O l.O l.O l.O 
5/4 l.O l.O l.O 1. 8 1.2 
l.O l.O l.O 2.0 1.2 
Mean l.O l.O l.O 1.6 
The maximum adverse Cp ran~ed from -. 59 t o -.95 wh en it occurred at 
the leading edge of t he berm but was less (- . 29 or -. 30) when located at 
the downwind edge (Table 42) . As the approach slope increased from 
Tabl e 42. Maximum adverse pressure coefficients on the upwind berm 
(UBEMN) of canal mode l s associated with various approach 
slopes and heights 
Approach slope Approach slope 
height l :4 1:3 1:2 l : l Mean 
l/2 -. 59 -. 83 -.94 - .66 -.75 
5/4 -.60 -. 88 - .95 -.30 -.68 
- . 66 -. 85 - .82 - . 29 -. 66 
Mean -. 62 - . 85 - .90 - .41 
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1:4 to 1:2, th e UB EMN became mor e adverse. This tr end was i nt errupted , 
however, when the UBEMN was locat ed downwind. The UBEMN ~enerally was 
not influenced by the approach slop e he ight, excP.pt wh e n the appr oach 
slope was st eep. 
When th e maximum adverse pr essur e coeffici ent occurred at Lh e 
upwind edge, th e magnitude decreas ed sharply with distanc e dowmvi nd 
(compare Table 42 to Table 43). The decr ease ranged from -.59 t o z ~ r o 
(SA= l :4, SAH l/2) in one case and -.82 to -.09 (SA= 1:2, SaB 2) 
in another cas e . Pressur e coefficients at the downwind edge of the upwind 
berm were no t much less than the maximum adv ers e Cp when SA= l:l and 
SAH was either 5/4 or 2. This was true for both leeward slope leve ls . 
Table 43. Pressure coefficients at the downwind edge of the upwind 
berm on canal models for various approach slopes and slope 
hei gh ts. Values are an average for both leeward slop e 
conditions and all thr ee breadth-depth ratios. 
Approach slope Approach slope 
height l :4 1:3 1:2 l : l Mean 
l/2 0 -.02 -.02 -.1 0 - .04 
5/4 -.02 - .02 - .06 -. 23 -.08 
2 -.02 -.03 -.09 - . 27 -. 12 
Mean -. 01 -.02 -.06 -. 20 
These same geometric conditions wer e noted in the previous section to 
have r esulted in the most advers e average pressure coefficients over the 
entire reservoir interior. Hence, the pressure conditions on th e berm 
tend t o be indicative of what can be expected fur ther downwind. 
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Eighty-five percent of the variability in the maximum adverse 
pressure on the upwind berm (UBEMN) was explained by a predicti on equation 
usin g five terms (Table 44). Similar to the prediction e quation used to 
describe the average pressure coefficient over the res ervoir, the 
independent variables were made up of SA and SAH terms. In the e quation, 
only linear and quadratic t erms and combinations o f these terms were 
involved. 
Maximum Adverse Pressure Coefficient on Downwind Berm 
The maximum adverse Cp occurred at the leading edge of the downwind 
berm, except when the approach slope and height were lar ge . This was true 
for both le eward slope conditions. Such a condition \Jas also not ed for 
a bread th-depth ratio of 5 when studying the reservoirs (all BDR's for the 
canal study were less than 5) . This may indicat e that the entire 
r eservoi r (BDR 5) and all canal s were included in the separated flow 
region for the noted approach conditions. When the maximum adverse Cp 
occurred at the leading edge , it averaged - 0.31; while, if downwind, the 
average was - 0 . 05. 
Pressure Forces on the Leeward Slope 
The leeward slope of a canal was one section on which adverse 
pressure forces were measured . When the leeward s l ope was 1:2, th e most 
adverse pressure coefficient at all approach slopes was found immediately 
over the berm at the upper edge of the leeward slope (Tabl e 45). However, 
when the leeward slope was 1 :15, the mos t adverse pressur e occurred 
immediate l y over the berm only when the approach slope was steep. Changes 
in the pressure distribution wer e essentia lly nonexistent downslope 
Table 44 . St epwise do\vnward multiple regression analysis summary in which the maximum negative pressure 
coefficien t on the upwind berm (UBEMN) for the cana l two-dimensional model s was r elated to 
four dimensionless geome tric variables and th e interactions of these , which includ ed linear, 
quadr a tic, and cubic t e rms 
Re gress ion mode l : 
UBEMN ·= b0 + bl (SA) 2 (SAH) + b2 (SA) (SAH) + b3 (SA) + b4 (SA) 2 (SAH) 2 + b5 (SA) (SAH) 2 
where 
SL: Leeward slope , r a tio vertical t o hor izonta l 
SA: Approach slope, ratio vertical t o hor izon t al 
SAH: App roach slope heigh t , multipl e of D 
BDR: Breadth-depth ratio 
Regression coefficients 
Coef . of 
Intercept determina t ion 
Re gression No . bo b1 b2 b3 b4 h5 R2 
-. 7294 .2055 0.15 
2 - . 5 212 .9982 -. 8888 .40 
3 - .2582 1 .4864 - 1 . 0431 - . 77 20 . 63 
4 - . 1844 2. 7 219 -.7547 -1 .5027 -. 6336 .73 
- .0628 4 . 757 5 - 3.3161 -1. 2643 -1. 6774 1 . 2146 .85 
Coefficient of determina t ion using line ar terms only: 0.46 
Linear prediction model made up of th e 4 pi -terms and the corresponding interacti on factors- -total 
of 15 terms ( i ndep enden t variables ) 
~ 
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Table 45. Pressure coeffici ents on the l eeward slope of a canal f or 
various leeward and approach slope conditions 
Tube No . 
on Approach slope Leeward leeward 
slope slope l :4 l :3 l :2 l : l ~1 .,an 
l :2 4 -. 04 -. 06 - . 10 -.22 -.1 0 
- . 01 - .03 -. 04 - . 16 -.06 
6 - . 02 -.03 - . 03 - . 15 -. 06 
-.03 -. 04 -.02 - .14 -. 06 
8 -.03 -. 04 -. 01 - .13 -. 05 
Mean - .03 -.04 - .04 -.16 -.07 
l : l. 5 4 -. Ol - . 01 -.03 - .19 -.06 
-. 01 - .02 - .02 - .17 - .05 
6 -.03 -. 03 -.02 - .16 - .06 
- .04 - .04 - . 03 - . 16 - . 07 
8 -. 04 -. 04 -. 03 - .14 -. 06 
Mean - .03 - . 03 -.03 - .16 -. 06 
from th e first static pr essure measur ement location below the berm . This 
response was essentially the same for all breadth-depth ratios. Such was 
reflected by a nonsignificant SL x SA x BDR interaction fro m an analysis 
of variance of the four main independent variables and location along 
the l eeward slope. 
The Cp f or the sl ope averaged - 0.03 or - 0 . 04 for approach slopes 
of 1 :4, 1:3, and 1:2, but became more adverse ( - 0.16) wh en the approach 
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sl ope was 1:1. This ave ra ge Cp valu e (USLCP) can be pred i c t ed , for t he 
c ana l models studi e d, fr om a thr ee - factor e qu a tion deriv ed by mult iple 
r eer ession t e chniqu es (Tabl e 46). Us i ng only one t erm, (SA) 3 (SAH), 
83 percent o f th e variability in USLCP can be expla ined. 
An equation develop e d to pre dict the maximum adv 12 rs e Cp on t he 
l eeward slope (USLMN) was: 
USLMN -. 0339 -.l353(SA) 2 (SAH) 
The coefficient of determina t ion was 0.84 for this one -term equation. 
The maximum adverse Cp for the canals average d - 0.09, which was much 
less than for r eservoirs (-,33). The maximum adverse Cp on the l eeward 
slope increased as SAH increased going from -.06, -.1 0, to - .12 for SAH 
values of l/2, 5/4, and 2 respectively . 
The locati on o f th e most adve rse Cp mov e d upslope as the appr oa ch 
slop e increas ed (Table 47), especially when the l e eward sl ope wa s 1:1.5. 
The same trends occurred for all SAH and BDR l evels and was refl ected 
by nonsignificant interaction terms (SL x SA x SAH and SL x SA x BDR 
interactions nonsignificant). The position on the leeward slope at which 
th e most advers e Cp value occurr ed can be determined from Figure 29. 
In certain instances the pressure coefficient was favorabl e on the 
le eward slope. The numb er of static pressure tubes at which Cp was 
greater than zero (KSLNP) was used as an indica tor of favorable conditions. 
Consid erable unexplainable variability was associated with the KSLNP, 
but some tr ends did exist. The number of static pressur e tubes at which 
a favorab l e Cp occurred i ncreased as the breadth-depth ratio incr eas e d--
KSLNP; 0.6, 0.7, and 0.8 for BDR levels of 1/2, 5/4, and 2 respectively. 
An increase in KSLNP was also noted when th e approach slope height 
Table 46. St epwise downward mu l tiple r egression analysis summary in which the average pr e ssur e 
coe fficient on th e upwind leeward s l ope (USLCP) for the canal two-dimensional mod e ls 
was rel a ted to four dimensionless geome tric variabl es and th e interactions of these, 
whi ch included linear, quadra tic, and cubic terms 
Regres sion model: 
USLCP = b0 + b1 (SA)3(SAH) + b2 (SA)2 + b3(SA)3(SAH)2 
where 
SL: Leeward slope, ratio vertical t o horizonta l 
SA: Approach slope, ratio vertical to horizonta l 
SAH: 
BDR: 
Approach slope height, mult ip l e of 0 
Breadth-depth r a tio 
Regression No . 
2 
3 
Int ercept 
bo 
- .0159 
- .0278 
- .0399 
Re gression co eff icients 
bl b2 b) 
- .1182 
- .1648 . 0844 
-. 5036 . 2524 .1369 
Coe f ficient of determination using l i near terms only: 0. 79 
Coef. of 
det ermination 
R2 
0 . 83 
.87 
.94 
Linear prediction mode l made up of the 4 pi-terms and the cor r esponding interaction f actors--
total of 15 t er ms (independent variables) 
..... 
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Table 47. Static pressure tube at which USLMN occurred (MUSLMN) on 
canal models (static pressure tube location 4 at the top 
edge of leeward slope). Location related to various 
leeward and approach slopes and averabed for all approach 
slope heights and breadth-depth ratios 
Approach slop e 
Leeward slope l :4 1:3 1:2 1 : l Mean 
l :2 4.3 5 .l 4.0 4.0 4 .4 
l : l. 5 7.2 6.9 5.2 4.1 5.9 
Mean 5.8 6.0 4 .6 4. 1 
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decreased--KSLNP = 0.3, 0.4, and 1.3 for SAH levels of 2, 5/4, and l/2 
respectively. This trend was the same for all BDR levels except l/2. 
Wh en BDR was at the l/2 level the KSLNP at SAH = 5/4 was less than that at 
l/2. For BDR level s of 2 and 5/4 KSLNP increased as th e leeward slope 
incr eased , but the opposite tr end occurred at BDR level of 1/2. 
Pressure Forces on the Downwind Slope 
A large portion of the downwind berm was under the influence of 
f avorable pr essur e conditions (Tables 64 through 69, Appendix F). Pressure 
coefficients ranged from adverse to a favorable Cp of 0.33. The r ela tiv e 
portion of the downwind slope under an adverse pressure influence 
decreased as the breadth-depth ratio increased. The number of static 
pressure tubes at which an adverse pressure coefficient occurred was 
recorded and used to reflect the portion of the downwind slope so 
affected (maximum of 5). The number of tubes decreased (1 . 4, 1 . 0, and 
0.9) for BDR levels of l /2, 5/4, and 2 respectively. This trend 
occurred at both leeward slope levels and all approach slope levels 
126 
excep t SA at l/2. Any trends due to leeward or app r oach slopes in t he 
numb er of sta tic pressur e tubes indicating adverse pressures were 
undetectabl e . 
If more than one pr e ssure tub e showed adverse pressures, t he tubes 
wer e like ly to be near the toe of the slope If, howev er , only one 
tub e location was advers e , then th e location was 2 1/2 times more likely 
to occur at the top edge of the sl ope than at the t oe . 
Pressure For ces on the Bottom of the Canal 
Th e averag e pressur e coefficient on t he bottom of th e reservoir 
(BCP) ranged from -0.24 to 0 .16 (Tabl es 64 through 69, Appendix F). The 
extreme adve rs e pressure coeffic i ent was assoc i ated with the ap pr oach 
slope of l:l and the longes t approach slope height (SAH = 2). The 
favorable Cp was associated with t he shortest approach sl ope height 
(SAH = l/2) wh en the approach slope was l:l. General l y, the BCP values 
wer e adverse at o ther SA levels, but were less adverse than the -0.24 
case noted previously. 
A discontinuity in the BCP values was noted at t he a pproach slop e 
lev el of 1:2, where BCP was generally more favorable than when measured 
at the o ther approach slope conditions (Table 48). The mos t favorabl e 
was, however, adverse in some instances. High adverse BCP values at the 
SA level of l :l were attributable to ex treme adverse Cp's when t he approach 
slope heights wer e 5/4 and 2 (Table 49). In all instances BCP was 
favorable when SAH was l/2. Thi s abrupt change from adverse to favorable 
Cp developed under the same conditions that resulted in hi gh adverse Cp 
values at the downwind edge of the upwind berm, comparabl e average Cp 
value s fo r the canals (CPAV), and adverse Cp levels on the leeward slope. 
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Table 48. Avera ge pressure coefficient over t he bottom of the canal 
(BCP) at various levels of br ead th-d epth ratio, le eward and 
approach slope 
Breadth - depth Leeward Appr oa ch slop e 
ratio slope l :4 1 :3 l :2 1 :1 He an 
l/2 1:2 - . 01 -. 05 .01 - .08 -. 03 
1: l. 5 - .05 - .05 - .02 - . 13 - .06 
Mean -. 03 - .05 - . 01 -.10 
5/4 l :2 -.02 0 - .04 - .08 -. 01 
l : l. 5 - .05 -.05 -.0 2 -.13 - . 06 
Mean -. 03 - . 02 - .03 - .11 
2 1:2 -. 01 -. 03 .03 -. 07 - . 0 
l :1.5 - . 03 - .04 - . 01 - .ll - .04 
Mean - . 02 - . 03 - .01 -.0 
Table 49. Ave ra ge pr essur e coefficient over t he bottom of the canal 
(BCP) at various l eeward slopes and approach sl ope heights 
for an approach s lope of l :l 
Appr oach slope height 
Leeward s l ope l/2 5/4 
1 :2 .14 -.1 6 -. 21 
l :1.5 . 04 - . 19 -.23 
Mean .09 - .18 -. 22 
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The change from adverse to favorable Cp at th e SA l evel of 1 :1 occurr ed 
for all breadth -depth ratios and leeward slop e conditions. Generally, 
BCP was not affected hy the approach slope heigh t wh en the approach slope 
was 1:2, 1 :3, or 1 :4 for all l evels of SL and BDR. 
Th e avera ge pressure coefficient (BCP) on the bott om of the canal 
was related to the various geometric paramet ers or multiples thereo f t o 
form prediction equa tions (Table SO). When only thr ee terms were used, 
79 percent of the variability in BCP was explained. The terms select ed 
by multiple regres sion techniques were forms of SA and SAH and multiples 
thereof. 
The most favorable pressure coefficient at a point on the canal 
bottom increased as the breadth-depth ratio increased for both levels 
of leeward slop e (Table 51). The most favorabl e Cp values wer e actually 
a dverse for most geometric configuration combinations when the BDR level 
was 1/2 or at other BCD levels when SL was 1:1.5. Th e most favorable 
Cp was apt to be posi tiv e when SL was 1/2 and ne ga tive when SL was 1:1.5. 
Water-Harvesting Apron Studies 
Two geometric factors, berm shape and breadth-berm height ratio 
(BBHR), were considered when wind forces on water-harvestin g apron cross-
sectional models we r e studied in the wind tunnel. Pr es sure coefficients 
on eight model variations, classified according to berm shape, were 
measur ed (Fi gures 30 through 37). The measurements were made on the 
upwind berm and the windward side of the downwind berm. The pressur e 
coeffi~ient values illustrated show both the mean and the range in Cp 
values measured from four breadth-depth ratios (BBHR = 25, 50, 100, 
and 200). 
Tabl e 50. Stepwise downward multiple re gr es sion analysis summary in which the avera ge pr e ssur e 
coefficient across th e bottom (BCP) for the canal two-dimensional models was r e lat ed 
to four dimensionless geometric variables and the interactions of these, which inc lu ded 
linear, quadratic, and cubic t erms 
Regression model : 
BCP = b0 + bl(SA)3(SAH) + b2 (SA)3 + b3 (SA) 3 (SAH)2 
where 
SL: Leeward slope, ratio vertical to horizontal 
SA: Approach slope, ratio vertical to horizontal 
Intercept 
Re gression No. bo bl 
-.0030 -.0999 
2 - .0148 -.2000 
3 -.0148 -.6950 
SAH: Approach slope height, multiple of D 
BDR: Breadth-depth ratio 
Regression coefficients 
Coef. of 
determination 
b2 b3 R2 
0.51 
.1681 .69 
.4035 .1 982 . 79 
Coefficient of determination using linear terms only: 0.62 
Linear prediction model made up of the 4 pi -terms and the corresponding interaction factors--
total of 15 t erms (independent variables) 
,... 
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Table 51. Maximum favorable pressure coefficient over th e bottom of 
the canal at various l evels of breadth-depth ratio, l eeward, 
and approach slopes 
Br eadth - deplh Le eward Approach slope 
ratio slope 1:4 1:3 1 :2 1 :1 Mean 
1/2 1:2 -o01 -004 o0 2 -o Ol -0 02 
1 :1.5 -003 -o04 -0 01 - oll - oOS 
Mean -o 02 - o04 0 -009 
5/4 1:2 o02 o04 o09 - 003 o03 
1 :1 0 5 - o03 -o02 o02 - o08 - o04 
Mean 0 oOl o06 -o06 
2 1 :2 o03 o02 o09 -oOl o04 
1 :1.5 -o Ol -oOl oOS - o04 0 
Mean oOl 0 o07 -o02 
It was hypothesized that the press ure coefficient distribution 
measured on the surface of the catchment aprons was independent of th e 
BBHR. An analysis of variance of the Cp values, in which static pressure 
tub e location and BBHR were the sources of variat ion, was applied to 
each model classification. Five out of the e i ght model classifications 
showed significant BBHR values (P~ Ooll) 0 One of the five was highly 
significan t (P < 0 o 01) 0 Examination of the mean Cp values across pressure 
tub e locations showed that the Cp associated with the BBHR of 25 was 
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Figure 30. Pressure coefficient distribution ove r a water-harvesting apron with a berm geometric 
shape combination of 1112. Th e distribution is shown both as a range and mean of Cp 
values measured over an apron surface with four different breadth t o berm height ratios . 
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Pr ess ure coefficient distribu t ion ove r a water - harves ting apron wi t h a be r m geometric 
shape combinati on of 1121. Th e distribution is shown both as a range and mea n of Cp 
values measured over an ap r on surface wi t h four different br e adth to ber m height rati o& . 
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Figure 32. Pr es sure coefficien t distribution ove r a water-harvesting ap r on with a berm ~eometric 
shape combination of 121 1. Th e distribution is shown both as a range and mean of Cp 
values measured over an apron surface with four different br e adth t o berm hcighL r a ti os. 
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Fi gu r e 33 . Pressur e coefficient distribution over a water - harvesting apron with a berm geome tric 
shape comb ina t ion of 1222 . The distribution is shown bo t h as a ran ge and mean of Cp 
values measu r ed over an apron surface with four diffe rent bread t h t o berm height ratios. 
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Fi gu r e 34. Pr es sure coef fici en t distribu t ion ove r . a water-harve stin g a pron with a berm geomet r ic 
shape combina tion of 2111 . Th e distribution is shown bot h as a ran ge and mean of Cp 
values measured ove r an apron surface with four diffe r ent br eadth to b erm height ratios . ..... 
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Figur e 35 . Pr ess ure coefficient distribution over a water - harvesting apron with a berm geometric 
shape combina t ion of 2122. Th e distribution is shown both as a range and mean of Cp 
values measur ed over an apron surface with four different breadth to berm height ratios. 
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Pressure coefficient distribution over a water-harvesting apron with a berm geometric 
shape comb ination of 2212 . The distribution is shown both as a range and mean of Cp 
values measured over an apron surface wi t h four differ ent breadth to berm height ratios. 
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Figure 37. Pressure coefficient distribution over a water-harvesting apron with a berm geometric 
shape combination of 2221. The distribution is shown both as a range and mean o f Cp 
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generally l ess adverse or more favorable than the other BBHR's. This 
less adverse average Cp value cou l d be attributed to pressure coefficients 
along the flat part o f the apron (from berm toe to berm t oe ) for the 
BBHR of 25. 
For three model classifications, the hypothesis that Cp values 
were independent of breadth-berm height ratio would be rej ec ted. 
General ly, significant differences could be attributed to the models with 
BBHR's of 25. Hence, it was concluded that Cp values measured over a 
catchment-apron surface were independent of BBHR if the BBHR was 50 or 
greater. Since Cp values were independent for the BBHR of 25 in thr ee 
instances, the range illustrated in Figures 30 through 37 included all 
BBHR's. 
Adverse Cp's (large negativ e values) were lower over gradual-sloped 
berms than over sine-shaped berms, Pr essure coefficients did not exceed 
-0 .50 for gradual slopes but were over -1.50 for the sine shape. Such 
Cp values correspond to lift pressures of 8 and 25 psf respectively 
(Figure 28). 
The catchment apron surface on which Cp values were measured can be 
logically broken up into four distinct sections for discussion purposes. 
They include the windward side of the upwind berm, the leeward side of 
the upwind berm, the flat section from berm toe to berm toe, and the 
windward side of downwind berm. 
Each berm shape on the windward side of the berm had a character -
istic Cp distribution that was essentially the same (shape and magnitude) 
for both berms (Figures 38 and 39). Each figure was developed from 
ranges in Cp values for four model classificat ions with the berm shape 
illustrated. The only difference between upstream and downstream berms 
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Figure 38. Comparison of pressure coefficient distribution over the gradual sloped windward side of both 
upwind and downwind berms. The distributions are shown as a range of Cp values meas ur ed over 
berms of common shape, irrespective of the model variations in either BBHR or upwind berm 
cond i tions. 
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Figur e 39 . Comparison of pr es sur e coeffi c i ent distr i bution over 
the sine -shaped windward side o f bo t h upwind and downwind 
berms. The distribut ions ar e s hown a s a r ange of Cp 
va lues measur ed over berms of c ommon shape , i r res pect ive 
of the model varia t ions in either BBHR or upwind berm 
condi tions. 
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was in magnitude of the Cp value measured at th e most upwind po ints on 
the respective berms. The pressure coefficient was mor e positive at the 
start of the upwind berm than at the start of the downwind be rm. For 
both the gradual- and sine-shaped berm slopes, the Cp was positive along 
the toe and became negative (adverse) about halfway between the toe and 
the berm peak. A near linear change in Cp when related to distance along 
the gradual berm slope was noted (Figure 38). The pressure coefficient 
for the sine-shaped berm approached high negative values rap idly between 
the point about midway between the toe and the peak (Figure 39). From 
the figures, it can be conc l uded that the Cp distributions were 
independent of upstream conditions for the BBHR's studied. 
Each berm shape, on the leeward side of the upstream berm, had a 
Cp distribution that was the same as far as shape, but was different in 
magnitude depending on the geometric shape of the windward side of t he 
berm (Figures 40 and 41). In all cases, sine-shaped windward slop e s 
caused higher negative Cp values on the leeward slope than did 
gradual-shaped windward slopes. This was true for both gradual- and 
sine-shaped leeward slopes. The Cp values for the first static pressure 
point on the gradual slope over the top of the berm were about -0.27 and 
-0.12 for the windward sine and gradual slopes respectively (Fi gure 40). 
The corresponding values for the leeward sine shape were -0.41 t o -0.27 
respectively (Figure 41). 
Gradual slopes on the windward side of the berm serve to reduce 
adverse pressure coefficients on the leeward slope, and adverse conditions 
can be reduced further by ~radual leeward slopes. In the one case, a 
gradual windward slope resulted in Cp values on a sine-shaped leeward 
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Figure 41. Effect of geometric· shape of windward side of upwind berm on 
the pressure coefficient distribution over the sine-shap ed 
leeward side of the upwind berm. The distributions ar e shown 
as a range of Cp values meas ured over berms of common shape 
and having common windward berm conditions. 
slope that were identical to that measured on a gradual leeward slope 
with a sine-shap ed windward slope (Cp of -0 .27). 
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Along a large portion of the catchment apron, berm toe to berm toe, 
the Cp values were near zero or slightly positive re gardless of upstream 
conditions . This reflects a beneficial condit ion, but may also point 
out a potential problem area. If changes in wind conditions (disturbances) 
should occur, the section could fluctuate between near zero pressur e 
forces to slightly positive. The stability conditions might be compared 
to that of the critical flow region associated with water flow r egime s 
in open channels. 
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SUMMARY AND CONCLUSIONS 
Reservoi r Studies 
Adverse pr essure coe fficients (negative Cp values) were measured 
over lar ge portions of the thr ee -dimensional reservoir models . The 
reservoir berms were, in nearly a ll instances, under the influence of 
adverse pressures . The l eeward slope and much of t he reservoir bottom 
were subject t o adverse pre ssur e conditions. The se areas ex t ended across 
the r eservoir perpendicular to the wind dir ection but were influenced by 
the r e servoir ends. 
As the wind approach angl e to the t hr ee-dimensional reservoirs 
increased, the area decr eased on which adverse pressures wer e not ed . At 
the same time, however, the extremes between adver s e and favorable 
(positive Cp values) pressure coefficients increased. Adverse pressure 
forces were as high as 9.7 psf over the l eewar d corner of the reservoi r 
when the wind approach angle was 45° from perpendicular to one of the 
r e s ervoir sides. 
Comparison of Cp values measured from two- and three - dimensional 
models showed distributions of similar shap e but of differing magnitude. 
No reliable adjustment to information obtained from the two-dimensional 
models coul d be determined from t he limited amount of comparative informa-
tion available (one br eadth-depth ratio (BDR), one l eeward slope (SL), 
one approach slope he i ght (SAH), and three approach slopes (S A)). The 
two- dimensional model pressure coefficient r esults should be reliabl e for 
geometric shape comparative purposes and would approach actual resul ts 
~7 
as the length of a reservoir increased in t he direction perpendicular 
to the wind. For canals, this distance woul d be l arge and, hence, two -
dimensional studies should provide accurate es tima tes of pressure 
conditions. 
Average pr essur e coefficients (CPAV) over t he two-dimensiona l 
reservoir models range d from -0. 22 when the ·approach slope was steep and 
long and the l eeward slope was st eep to 0.13 when the approach was flat 
and the leeward slope was least steep. Thes e ext remes occurred when the 
BDR was at the min i mum studied (BDR = 5). CPAV was essent ial l y 
independent of SL when SL was 1:2 or flatter for large BDR's but was 
highly dependent on SL when the BDR was 5. The CPAV became less 
fav orable as approach s l ope and approach slope he i gh t i ncreas ed . It was 
apparent from a multiple regression analysis of certa in geometric 
configuration paramet er s that the CPAV was most favorable when the product 
of SA and SAH was a minimum. 
The maximum adverse pressur e coefficient on the upwind berm occurr ed 
near the downwind edge when the approach slope was st eep. Wh en the 
approach slope was flatter, the maximum advers e Cp incr eased and occurr ed 
at the upwind edge of the berm. These changes in magnitude and location 
of the maximum adverse Cp values on the upwind berm were probabl y caused 
by s econdary air-flow conditions that developed due to air -flow separation. 
Separation points, de pendent upon certain geome tric condi tions, could 
possibly occur at the upwind and/or downwind edge of the berm. Air flow 
t oward the upwind berm was visually observed in the interior of the 
reservoir models, but the magnitude was not measured. 
The average pressure coefficient on the leeward slope of t he reservoirs 
was nearly the same for all SL conditions, which was similar to find ings 
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byPris (1963) when studying gabled building roofs. Marked diffe r ences 
in the individual pressure coefficients measured along the leeward s l ope 
were, however, evident for different SA and SL conditions. Als o in 
accordance with Pris' (1963) findings, the Cp was apt to be hi ghly 
adverse near the top edge of the slope (ridge of a roof) and would become 
less adverse, or even favorable, when the toe of the slope was approached 
when SA and SL were minimums. As the leeward slope increased, th e 
pressure coefficient values were essentially constant over the entir e 
surface, which would be the result of a re gion of flow separat i on. Hence , 
if approach and leeward slopes were flat, favorable Cp would occur near 
the toe of the slope but high adverse values could be expected just 
below the berm (lift forces as high as 8 or 9 psf at standard conditions 
and 80 mph). When the approach slope was gr eater than 1:2 or the leeward 
slope was greater than 1 :3, the Cp were a~verse over the entire l eeward 
slope and ranged from -0.17 t o -0.27 (lift forces of 2.7 to 4 .4 psf 
respectively at standard conditions and 80 mph). These r elationships wer e 
not affec t ed by the approach slope height and breadth-depth ratio. 
In most instances, the pressure coefficient on the downwind slope 
into the reservoir was favorable. Adverse pressure coefficients were 
recorded, however, near the top edge of the slope and corresponded to 
membrane lifting observed in photographs of flexible membrane-lined 
water - storage and catchment systems (Wisdom, 1972 ) . 
The average pressure coefficient on the bottom of the reservoir 
models (BCP) ranged from -0.26 to -.21 and corresponded to the BDR of 5. 
When the BDR's were either 15 or 25, the BDP was always favorable. When 
the leeward and approach slopes became steeper, the BCP became less 
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favorable. BCP values became more favorable as the approach slope height 
decreased. 
The most adverse Cp values on the reservoir bottom generally 
occurred at the toe of the leeward slope . Adverse Cp values wer e not 
as extreme when the approach and leeward slopes wer e flatter. As 
approach slope height increased, the maximum adverse Cp also increased. 
Adverse Cp values did not occur on the reservoir bott om when the l eeward 
and approach slopes were 1:4 or 1:3. 
Maximum favorable Cp values on the reservoir bottom generally 
occurred at the top o f the downwind slope. Pressure coefficients were 
more favorable as SL increased when the BDR was 15 or 25, but the 
opposite was true when BDR was 5 . When the BDR was 5 and the leeward 
slope was 1:1, no favorable pressure forces occurred on the reservoir 
bottom. 
Canal Studies 
The average pressure coefficients measured over the interior of the 
canal models (CPAV) were affected mainly by the approach slope and 
approach slope height. The CPAV tended to become more favorable as the 
approach slope increased up to 1:2 but decreased sharply fo r the 1 :1 
slope. Generally, the CPAV became more favorable as the approach slope 
height decreas ed. CPAV was more responsive t o SA and SAH than to SL and 
BDR for the canal study, since the range in SL and BDR was limited. 
Similar to the two-dimensional r eservoir models, the most adverse 
pressure coefficients on the upwind canal berms occurred at the upwind 
edge, except when the approach slope was st eep and long. Lift forces a t 
the upwind edge were as high as 15.4 psf at standard conditions and 
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80 mph. When the maximum adverse Cp occurr e d at the upwind edge o f the 
b erm, the ma gnitude decreased sharply with distance downwind and the 
corresponding average Cp ov er th e cana l was lower. 
Generally, th e mos t advers e Cp va lues on the leeward slope wer e 
fou nd immediately over the upper edge of t he l eeward sl ope . The leeward 
slopes included in the canal model study were steeper than those showing 
response to location on the slope in the res ervo i r study. Average Cp 
values on the leeward canal slop es were generally adv erse but l es s adverse 
than for r eservoirs (-0.06 as compared to - 0 . 20) . Br ead t h-depth r atio 
did not affec t the pressure coefficient ma gn itude or distribution on t he 
leeward slop e . 
Adverse pr essure conditions occurred on the downwind slope of the 
canals. If a lar ge portion of the downwind slope wer e under adverse 
pr essure conditions, then much of th e ar ea would be near the toe of the 
sl ope . If, however, onl y a small portion wer e under adv erse conditions 
then the area was more apt to be near the top edge of the s lope. 
Extreme adverse average pr essure coefficients on the bottom of the 
canal were associated with steep and long approach cond i tions. The most 
favorabl e average Cp was associate d with a short, st eep approach slope. 
This abrupt change fr om adverse to favorabl e Cp ' s deve l oped under the 
same conditions that r esulted in hi gh advers e Cp values at the downwind 
edge of the upstream berm and adverse Cp l evels on t he leeward slop e . 
Th e change occurred for all BDR and SL conditions. When the approach 
slope was 1:2, the average Cp on the canal bottom was mor e favorable 
than ei ther 1:3 or 1 :1 approach slope conditions . 
Water -Harvesting Apron Studies 
Evaluation of pressure distributions over catchment apron models 
indicated that Cp values measured over the catchment surface were 
independent of the breadth-berm height ratios of SO or grea t er. The 
breadth-berm height ratios studied were 2S, SO, 100, and 200. 
lSl 
Adverse Cp values were lower over gradual-sl oped berms than over 
sine-shaped berms. Pressure coefficients did not exceed -O.S O over 
gradual slopes but were in excess of -l.SO over sine-shaped berms. These 
pressure coefficients, -O.SO and -l.SO, correspond t o lift forces of 
8.1 and 24.3 psf respectively at 80 mph. 
When the windward sides of the upwind and downwind berms were 
similarly shaped, the r esultant Cp distributions were independent of the 
upwind conditions. Each berm shape, on the leeward side of the upwind 
berm, had a Cp distribution associated with it that was the same as far 
as shape but was different in magnitude depending on the shape of the 
windward side of the berm. Pressur e coefficients were l ess adverse 
on the l eeward side if the windward side of the berm were gradual l y 
sloped. Advers e Cp values can be reduced further by gradual leeward 
slopes. 
Pressure forces were near zero to slightly positive along a lar ge 
portion of the apron between the berm toes. This near stable favorable 
conditions might change significantly if site conditions were to change. 
General Pressure Conditions 
The adverse pressure area in relationship to the entir e reservoir was 
a minimum when the approach and leeward slopes and breadth-dep t h ratio 
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were at the minimums studied. When these condit i ons exist, the adv er se 
pressure area was confined t o the leeward slope and a sma ll area near t he 
top edge of the downwind slope , and the entir e r e servoir bottom was under 
the influence of favorab l e pressure conditions. In contrast, wh en th e 
slope conditions were steeper, flow separation zones probably were mor e 
fully developed and enve l oped large portions of the reservoirs (entir e 
reservoir when the breadth-depth ratio was 5) and canals which result ed 
in near constant adverse Cp values over the interior surfaces of thes e 
systems. Such would be expected, since the mean pressure within the wake 
is essentially the same as that at a point of separation. 
Design Implications 
Some of the design considerations that may be obtained from the 
study include: 
1. To minimize the area of a reservoir that is subjected to adv ers e 
pressures, the approach slope and the leeward slope (slope into the 
reservoir) should both be as flat as possible. If these conditions are 
met , the adver se pressur e area would be confined to a small portion near 
the top edge of the leeward and downwind slopes. Measures for controlling 
possible membrane lift could then be directed to these areas only. 
2. If a previously constructed canal, reservoir, or catchment is to be 
lined with a flexi bl e membrane material, the expected pressur e coefficients 
and area of influence can be determined from th e studies reported herein. 
Such information can t hen be used as a guide in determining the extent and 
degree that lift control measures should be employed. 
3. Since the pressure within a flow separation region is a function 
of the air velocity at the point of separation, efforts should be made to 
reduce the separation point velocity. 
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SUGGESTIONS FOR FURTHER RESEARCH 
l. The turbulent wake regions should be investi gat ed t o de t e r mine 
the ef fect of geome tric shape of the system on the s epara tion stream 
line , intensity of the r everse flow region, and pressure within t he wake 
r e late d to the s eparation point air velocity. To quanti fy the s e it ems , 
flow visualization techniques such as tufts of yarn and smoke injected 
into the air str eam should be employed along with hot wire anemometry 
and small pitot-static pressure tubes. 
2. Pr essure measurements from two- and thr ee -d imensional reservoir 
and catchment-apron model s should be compared further. The influence 
of l ength of the ca tchmen t apron or reservoir in the direction perp end icul ar 
t o the wind direction should be considered i n such a study. 
3. Techniques for modifying the air flow patterns over t he geome tr ic 
structures should be investigated. Such techniques would involve approach 
modifica tion and e ffect of various upwind obstacles (tr ee s, etc . ). 
Reduction of th e velocity at points of separation should lead to l ess 
adverse pr ess ur e forces in the flow separated r egion. 
4. Methods for controlling the wind uplift problem associated with 
exposed reservoir membrane linings should be studied. Devices such as 
artificial wind barriers, air evacuating mechanisms, ball asting techniques, 
and materials for bonding the membrane to the substrat e could be considered . 
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Appendix A 
Der iva t ion of Bernoulli Equation 
From t he Newtonian laws of motion, the product of the mass per unit 
volume and the component of acceleration at any point with i n a moving 
fluid must be equal to the corresponding force per unit volume acting at 
that point. Therefore, in a dir ection x, 
fx 
wh ere fx is force/uni t volume, and op is pressure differ ential (FL- 2), 
ox is differential distance (L), p is fluid density (FT2L-4 ), and ax is 
the f lu i d acceleration i n t he x-direction (LT- 2) . 
The acceleration t erm is made up of two components, local and 
conve ctive. Local acceleration is the result o f unsteadiness of motion 
or change with time, while convective accel eration is the result of 
nonuniformity of flow or change with distance . The two acceleration terms 
can be expr essed mathematicall y as 
The convective term is deriv ed as follows 
ov 
~ 
ox ox 
. . local acceleration 
convective acceleration 
substituting 
r esults in 
ov ov vot 
ox 
ov =a = ~ 
Ot C oX 
vov = {~2] 
o (v 2) 
2ox 
The force per un i t volume hence becomes 
fx Q.E. = pOV + Q. o (v 2) 
oX ot 2 0 X 
assuming steady f l ow condit ions ov = 0 
ot 
fx _ ~ = Q. o (v 2) OX 2 oX 
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Integration of this e quation between s uccessive points a l ong a stream 
line yields 
Rearrangement of the t erms r esults in 
Hence 
constant for flow along a 
str eam tub e 
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Appendix B 
Dimensional Analysis of Problem 
Variables pertinent to the air pressure dif f er entia ls a s socia t ed 
with ri gid r e s ervo i r, canal, and catchment mode l s ar e : 
six. 
(Bl ) 
where 
~p Pressure difference between two points sub jected t o 
air flow, FL-2 
L A characteristic length, L 
Lk Any number of other lengths necessa r y t o describe t he 
uniquene ss of a system. The number consider ed 
n e cessary to adequat e ly de scribe t he geome tr i c 
configuration of a r eservoir or cana l was four (k = 4 ) : 
La associated with leeward slope ; Lb, appr oach s l ope; 
Lc, approach slope hei ght; and Ld, br eadth - dep t h 
ratio . 
p Fluid density, FT2 L-4 
~ Fluid viscosity, FTL-2 
V Air v elocity, LT-l 
From the Buckingham Pi Theorem, the number of Pi t er ms r equired i s 
Several proc edures are availabl e for determining t he Pi t erms. One 
such procedure involves (1) writing auxiliary dimensiona l equa tions 
associated with each basic dimension used, (2) assi gning arbitrary 
numerical values t o s of the unknown exponents, (3) solving the resulting 
s e t of simultaneous equations, (4) combining the results to f orm one Pi 
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term, (5) repeat steps (2) to (4) until s Pi terms hav e been de t ermined, 
and (6) combining the results in an equation of the form 
(1$2) 
The above procedure will be used to develop appropriate Pi terms for the 
problem being studied. 
Equation B1 may be written as 
(B3) 
where Ca is a dimensionless coefficient that generall y must be determined 
experimentally. 
The corresponding dimensional equation is 
(FL-2)Cl(L)C2(FT2L-4)C3(L)C4(L)CS(L)C6(L)C7 (FTL-2)C8 
(LT-l)C9 = 0 
From which three auxiliary equations may be written: 
F 
L 
T 
C1+C3+C8 = O 
-2C1+C2-4C3+C4+C5+C6+C7-2Cs+C9 = 0 
2C3+C8 -c9 = 0 
Since three equations are available to solve nine unknowns, 
(B4) 
(BS) 
(B6) 
(B7) 
arbitrary values must be assi gned to six of th e unknowns. The constants 
to which arbitrary values were assigned were c3 , c4 , C5, C6, C7, Cs· 
The determinate of the remaining terms, C1, Cz, and Cg, is 
0 01 l 1 
0 -1 , 
-1 
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Since the determinate is not zero, t he resultant equations will be 
independent. 
Dev e l opment of the f i rst Pi term: 
values as s igne d 
Substitution of t hese values int o Equations B5, B6, and B7 yields 
c1 + 1 = o 
-2c1 + c 2 
2 - Cg = 0 
4 + Cg 
Hence C1 = -1, C2 = 0, and Cg 
Equation B3 yields 
or 
0 
2. Substituting these values in t o 
Devel opment of the second Pi t erm : 
values assi gnment 
Substitut ion of these values in t o Equations B5, B6, and B7 
yields 
c1 = o 
-2C1 + c2 + l + c9 0 
-Cg = 0 
Hence c1 = 0, C2 -1 , and Cg 0. Substituting these val ues t o 
Equation B3 yields 
1t 2 = La/L 
Development of Pi t erms 3, 4, and 5 was complet ed similarly t o the 
development of the second Pi term. The values assigned and the resulting 
Pi terms were : 
Third Pi term: c5=1, C3=C4 =C6=C7=Cs 0 
1(3 = Ls/L 
Fourth Pi term: C6=l, C3=C4=Cs=C7=Cs 0 
1t4 = Lc/L 
Fifth Pi term: c7=l, C3=C4=Cs=C6=Cs 0 
rts = Ld/L 
Deve lopment of the sixth Pi term: 
values assigned 
Substitution of these values into Equations BS, B6, and B7 
yields 
c1 + 1 = o 
-2c1 + c 2 -2 + Cg 0 
l - Cg = 0 
Hence C1 = -1, C2 =-land Cg ~ l. Substituting these values 
into Equation B3 yie lds 
Multiplying rt1 by rt 6 and taking the reciprocal yields 
which is dimensionless and is the Reynolds numb er. 
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The Pi terms selected for use in the study af ter slight modification 
and rearrangement were: 
rt 2 La/L 
(original 1t1 multiplied by 2 to yield the 
pressure coefficient, Cp) 
(ori ginal ~ 6 multiplied by ~ 1 . and inverted t o 
yield the Reynolds number) 
Substituting these values into Equa t ion B2 yie lds 
6P = f [ 1a, ~. 1 c, 1d, p~LJ 
1/ 2pVZ L L L L ,. 
In terms of the abbreviations used in this s t udy, the equation 
reduces t o 
Cp f (SL, SA, SAH, BDR, Reynolds number) 
where 
Cp pressure coefficient 
SL l eeward slope 
SA approach slope 
SAH: ap proach slope hei ght 
BDR: breadth-dept h r atio 
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Appendix C 
Development of Air Veloci ty Equation 
Definition sketch 
Intake 
P,V 
"'------
Test 
sect ion 
Air fl ow 
Standard condit ions 
Wind Tunnel J Pitot 
pl ' vl 
P, P1 - pressure 
V, v1 - velocity 
Air temperatur es : 60° F 
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tube 
Atmospheric air pressure (P)-zero gage: 29.92 inches Hg- sea lev el 
Specific weight y: 0.0763 lbs/ft3 
Air density p: 0.00237 lbs-s ec 2/ f t 4 (slugs/ft3) 
Accel eration due to gravity (g) : 32.17 ft/sec 2 
Ener gy equation 
2 2 !: + y_ = P1 + V1 
y 2g y 2g 
P 0 (atmospheric) 
v 0 
. (Cl) 
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Substituting into equation Cl and simplifying 
The negative sign indicating that as velocity increases, the 
pressure decreases. 
1/2 
Substituting g = 32.17 ft/sec 2 (essentially constant) 
and converting psf to inches of wat er the equa tion 
becomes 
[
p ]1/2 
v1 = 18.285 : 
(C2) 
To be able to calculate velocities at any atmospheric condition, the 
specific weight of the air must be known. Specific wei ght is a functi on 
of atmospheric pressure (barometric pressure) and temperatur e . The 
development of the relationship follows: 
p 
p 
p 
p 
gRT -----Ideal Gas Law 
density, slugs/ft4 
atmospheric pressure (barometric), inch Hg 
T'= Temperature absolute (460 + ° F) 
R = Gas constant, ft/° F 
p = y/g 
Hence 
PTz 
Y = gp2 i>T' 
2 
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Condition 2 refers to standard conditions 
P2 = 29.92 inches Hg . 
Tz = 460 + 60 = 520 o F 
Substituting g = 32.17 ft/sec 2 , p = .00237 slugs/ft 3 , P2 , 
and Tz into the equation yields: 
y = 1.325 ~· lbs/ft3 . (C3) 
Substituting Equation (C3) into Equation (C2) gives: 
18.285 [ pl J 1/2 vl 
1 .325 P/T' 
vl 
[ p T' J 1/2 
15.886 -t- (C4) 
where V1: air velocity, fps 
P1: velocity pressure, inches water 
T': absolute temperature, 460 +air t emperature (° F) 
P : barometric pressure, inches Hg 
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Appendix D 
Nomograph for Determining Differ ential Static Pressure 
Exampl e problem : Determine the differ-
ential static pressur e corr e sponding 
to a po int on a reservoir where a Cp 
value o f -.2 was measured if the air 
vel oci ty is 92 fps and the air density 
is 0.0024 . 
Solution: Place a straight edge at .0024 
on line 1 and at 92 fps on line 3. A 
line drawn b e twe en th es e 
two points will locate 50 
point A on line 2. Draw 40 
a line between point A 
and . 2 on line 5 and 
30 
read 2.0 psf s t atic 
pr essure differential 20 
on line 4. The pres-
sur e is negative·, since 
Cp was negative. 
16 
I : 
I 
l 
I 
I 
I 
.ooiJ 3-~r/2e ~.;::: 0 26 ~ 'u; ., "' 024 "' .a "' 022 ~ 
.0020 
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Figure 42. Nomograph for determining differ ential static pressure (6P) due t o air 
flow over an obj ec t given the pressure coeffici ent (Cp), a ir v el oci ty 
(V), and air density ( fJ )· 
Appendix E 
Pressure Coefficients for Res ervoir Two-Dimensional Models, 
Tables 52 through 63 
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Table 52 . Pressure coefficients for reservoir two-d imensional modds with a leeward slope of 1 :4 and a breadth -depth ratio of 5 
Approach slop1~ , ratio vertical to horizontal 
1 o1 1 :2 1 o3 l :4 
--
St atic 
pr e ssure Approach slope height , vertical distance related to depth (D) 
tube l ocat i ons 
on model 2D 50/4 D/2 2D SD/4 D/2 2D SD/4 D/2 2D SD/4 D/2 
-0.29 -0.25 - 0.98 - 1.13 -1.16 - 1.24 - 0 .99 -1. 06 -0.99 -0. 70 - 0 .75 -1. 05 - 0.13 
Upwind -0.32 -0.27 - 1.03 - 1.12 - 0.96 -0.40 - 0.74 -0.58 -0.34 -0.40 - 0 . 38 -0.33 -0.17 
berm -0.31 -0.27 - 0 . 37 -0.49 - 0.46 · 0.5G -0 .so -0.54 -0.61 -0.56 - 0.57 - 0.58 
-0 .so 
- 0.32 -0.27 -0.42 - 0.58 - 0.46 - 0.50 -0.47 - 0 .49 -0.51 -0.52 - 0.49 -0.49 -0.38 
Upwind - 0 . 28 - 0.25 -0.14 -0.23 -0.20 -0.17 -0.19 - 0.19 - 0.16 - 0.16 -0.17 -0.16 
- 0 .11 
l eeward -0.28 - 0.24 - 0.02 -0.07 -0.05 -0.03 -0.05 - 0.05 - 0.02 -0.04 -0.04 -0 .02 0.01 
sl ope - 0.28 - 0 . 25 0 .04 0 .00 0.02 0.04 0.02 0 .03 0.04 0.04 0.04 0.04 
0.07 
- 0.28 -0.25 0.13 0.08 0.12 0.14 0.12 0.13 0.14 0.10 0.12 0.13 0.14 
-0 . 23 - 0 . 22 o. 25 0.19 0 . 24 0.26 0 .22 0. 26 0. 26 0 . 16 0 . 19 0.25 0.22 
-0.20 - 0 . 21 0.21 0.18 0.21 0.22 0.20 0.22 0 . 22 0. 20 0. 20 0 . 22 0.21 
- 0. 12 -0.16 0.18 0 . 16 0.18 0.19 0.17 0.19 0.19 0.18 0. 18 0.19 0 .19 
- 0 . 03 -0 .07 0 . 16 0.14 0.15 0.1& 0 . 15 0.15 0 . 16 0.17 0 . 16 0.16 O.l7 
0.06 0.03 0.15 0.14 0.14 0.15 0.14 0.15 0.15 0.16 0.15 0.15 0.16 
Bo ttom 0.12 0 . 11 0.15 0. 14 0.14 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0 .16 
0.15 0.16 0.15 0.14 0.14 0.15 0.14 0.15 0.15 0 . 15 0.15 0.15 0.16 
0.16 0.1 9 0.1 6 0.15 0 . 15 O. lf, 0.15 0.16 0.16 0 . 16 0 16 0.16 0.17 
0.17 0.20 0.17 0.16 0.17 0.18 0.17 0.18 0.18 0.18 0.18 0 . 18 0.19 
0.18 0 . 21 0.22 0 . 20 0.22 0.23 0 . 21 0. 22 0. 23 0.22 0 22 0.22 0.22 
0.23 0.26 0 . 31 0.29 0.31 0.32 0.29 0.32 0.32 0.28 0 28 ·o.3 2 0 . 28 
0.17 0.20 0.18 0.17 0 . 18 0.18 0.17 0.18 0.18 0.18 0.18 0 .18 0.18 
Downwind 0.12 0 . 14 0 .09 0.09 0 .09 0.10 0.09 0.10 0.09 0.10 0.09 o . to 0.10 
leeward 0 . 07 0 . 09 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0 . 02 0.03 0.03 
slope -0.01 0.00 - 0.09 -0 .08 -0. 09 -0.10 - 0.10 -0.10 -0.1 0 -0. 09 - 0 .1 0 - 0.09 -0.10 
-0.19 -0.21 -0.37 -0.36 -0.38 -0.39 - 0.37 -0.39 -0.40 -0.36 -0.35 -0.39 -0.37 
Downwind -0.10 -0.10 -0.16 -0 . 16 -0.17 -0.17 -0 . 17 -0.17 -0 . 17 - 0.17 -0.17 -0.17 -0.17 
berm -0.12 -0.1 2 ·0 .16 -0.16 -0.16 -0.15 - 0.15 -0.15 -0.16 - 0.14 -0.14 - 0.16 -0.15 
..... 
.._, 
0 
Table 53 . Pressur e coefficients for reservoi r t .... o - dimensional models with a leeward slope of 1:3 and a breadth-depth ·ratio of 
Approach slope, ratio vertical to horizontal 
1 :1 1:2 1 :3 1 :4 
---
Static 
pr essure 
Approach slope height , vertical distance related to depth (D) 
t ube loc.& t ions 
on mode l 20 50/4 D/ 2 20 50/4 D/2 20 50/4 D/2 
20 50/4 D/2 
- 0.22 -0.20 -0.28 - 0.25 -1.12 -1.07 -1.02 -1.06 - 1.10 -1. 05 
-0.83 -1.12 -0.13 
Upwind -0.24 -0.22 -0.35 -0.29 - l.lt - 0.54 - 0.61 - 0.39 
-0.28 -0.39 -0.32 -0 . 26 -0.12 
berm - 0.25 - 0 . 23 - 0.30 - 0.27 -0.48 -0.65 -0.48 
-0 . 66 -0.72 -0.40 -0.38 -0. 7l -0.57 
-0.25 - 0.23 -0.34 - 0.29 -0.51 -0.48 -0 .44 -0.53 -0.53 -0.38 
-0 . 35 -0.50 -0.3ts 
Upwind - 0.24 -0.22 -0.25 - 0.24 - 0.23 - 0 . 21 -0.20 
-0.20 -0.19 -0.16 -0.15 -0.19 -0.12 
leeward - 0.24 - 0.2 2 - 0.21 -0.22 - 0.08 -0.04 -0.10 -0 .05 
-0.03 -0 .08 -0.10 -0.03 0.02 
s l ope - 0.25 -0.22 -0. 18 -0.21 0.02 0 .07 -0.02 
0.03 0.08 -0.03 - 0.06 0.08 0 . 10 
- 0.25 -0 . 22 -0 .17 -0.22 0 .09 0 . 15 0.04 0.09 0 .1 5 
0.00 -0 .02 0.15 0.14 
- 0.25 -0 . 22 -0.14 -0.20 0.17 0 . 23 0.09 0.15 0 . 20 0.03 
0.04 0.22 0.18 
- 0.26 -0.23 -0. 14 - 0.22 0.18 0. 23 0.13 0 . 19 0.23 
0 .0) 0.09 0 . 23 0.21 
- 0.27 - 0.23 - O. lt - 0.21 0.18 0.20 0.16 0. 20 0.22 o.u 
0.1 3 0.21 0 .21 
- 0.26 -0.22 - 0.07 -0 . 19 0. 17 0.18 0 .17 0.19 0.20 0.14 
0.15 0. 20 0. 20 
- 0.23 -0.19 -0.02 -0.16 0.15 0.26 0.17 0. 18 0.17 0.16 
0 . 17 0.18 0.18 
Bottom -0.18 - 0.14 0 .03 -0.05 0.15 0.16 0.17 0.17 
0.17 0.17 0 .18 0.17 0.18 
- 0 . 10 -0.08 0.08 -o .o2 0.15 0.16 0 . 17 0.17 0.17 0.17 
0.18 0.17 0.18 
- 0.02 0.00 0 . 12 0.06 0.17 0.18 0.18 0 . 18 0.18 
0.19 0.19 0.18 0. 19 
0.05 0 . 06 0.15 0.12 0.20 0.25 0. 2l 0.22 0.22 
0.21 0.21 0. 22 0. 22 
0.10 0.11 0.17 0.16 0.24 0.25 0.24 0. 26 0.26 0. 23 
0 .23 o. 25 0. 25 
0.15 0.16 0.21 0.21 0.31 0 . 33 0.31 0.33 0 .36 0.29 
0.29 0.36 0.32 
0. 2l 0.22 0 . 22 0 .27 0 .22 0.24 0 . 24 0.25 0. 25 
0.23 0 .23 0.25 0. 24 
Downwind 0. 21 0.21 0.19 0 . 25 0.12 0.13 0.14 0.13 
0.13 0 . 14 0.14 0.14 0.14 
leeward 0.18 0.11 0.13 0.19 0.02 0.01 0 .03 0 .02 
0 .01 0 . 04 0 . 04 0.02 0.03 
slope 0.12 0.11 0.06 0.11 -0.09 - 0 .09 -0.08 
- 0.09 - 0 . 10 - 0.07 - 0.06 -0.09 -0.09 
-0.18 - 0.20 - 0.32 -0.31 -0.56 -0.59 -0.55 - 0.58 -0.64 - 0.53 
- 0.51 - 0.62 -0.58 
Downwind -0.05 - 0.06 -0.11 - 0.08 -0 . 20 -0.20 - 0.19 - 0.20 
-0 . 21 -0.19 -0.18 -0.20 -0.20 
berm -0.08 -0.08 -0 .09 -0.09 -0.13 -0.13 -0.12 
-0.12 -0.14 -0.12 -0.12 -0.12 -0 .13 
..... 
"" ..... 
Table 54. 
Pressure coefficients for reservoir two-dimensional models with a leeward slope of l :2 and a breadth-depth ratio of 5 
Approach slope, ratio vertical to horizontal 
1,1 1 '2 1,3 
1 ,4 
--
Static 
press ure 
Approach slope height, vertical distance related to depth (D) 
tube locations 
on model 2D SD/4 0/2 20 50/4 0/2 20 50/4 
0/2 20 50/4 0/2 
-0.23 -0.20 -0.19 - 0.19 -0.20 - 0.93 - 0.82 - 0.84 
- 0.84 -0.66 -0.58 -0.84 - 0.02 
Upwind -0.24 -0.22 -0.24 -0.26 -0.24 -0.56 
- 0 . 36 -0.34 -0.20 -0.29 -0.30 -0.17 - 0.04 
berm -0.24 -0.22 -0.21 - 0.23 -0.21 -0.27 
-0.16 -0.20 -0.15 -0.10 -0.11 -0.16 -0. 05 
-0.25 -0.22 -0.23 -0.25 - 0.23 -0.28 -0.19 -0.20 
-0.19 -0.15 -0.15 - 0. 13 -0.05 
Upwind - 0.24 -0.21 - 0.19 - 0.21 -0.19 -0.15 
-0.10 - 0 . 12 -0.12 -0. 07 -0.09 -0.11 -0 .05 
leeward -0.24 -0.21 -0.17 -0.20 -0.19 - 0.13 
-0.11 -0.11 -0.13 -0.07 -0.08 -0.12 - 0.05 
slope -0.24 -0.21 -0 .18 -0.21 -0.19 -0.12 
- 0.11 -0.11 -0.13 -0.08 -0 . 09 -0.13 - 0.06 
- 0.24 - 0.21 -0.18 - 0.21 -0.19 -0 .II -0 . 11 -0.11 
-0.13 -0.09 -0. 09 -0.13 - 0.06 
-0.24 -0.20 - 0 .1 7 -0.20 -0.18 -0.09 -0.11 - 0.10 
-0.12 -0.08 -0.09 - 0 . 12 - 0.05 
-0.24 -0 . 21 - 0.19 -0.22 - 0.20 -0.07 - 0.11 - 0 . 11 
- 0.13 -0 .08 -0.08 -0.11 -0. 05 
-0.26 - 0.22 - 0.20 -0.23 -0.21 0.00 - 0.09 - 0.08 
-0.09 -0.08 -0.08 -0.07 - 0.04 
-0. 26 -0.23 -0 . 21 -0.24 -0 . 21 0.08 - 0.07 -0 . 03 
-0.03 -0.06 -0.06 -0.01 -0. 01 
-0 . 26 -0.23 -0.20 -0.23 -0 .21 0.13 -0.03 0.03 
0.04 -0 . 04 -0.03 0 . 06 0.02 
Bottom - 0.25 -0 .21 - 0.17 -0.20 -0.18 0.17 
0.02 0.10 0.11 -0.01 0.01 0.12 0.07 
-0.21 -0.18 -0.12 -0.15 -0.14 0.19 0.06 0.15 
0.16 0.03 0.05 0.17 0 .09 
-0.16 -0.13 - 0.05 -0.08 -0.07 0.21 O.ll 0.18 
0.19 0.07 0.09 0.20 0.12 
-0.09 -0.06 0.01 -0.01 -0.01 0.24 0.14 0 . 22 
0.22 0.11 0.12 0. 22 0.15 
-0.03 0.00 0.07 0.07 0.06 o. 27 0.17 0.24 0.25 
0.13 0.15 0. 25 0.16 
0.05 0 .07 0 . 13 0.13 0.13 0.36 0 . 22 0. 29 
0.32 0.17 0.17 0 .31 0.19 
0.13 0.15 o. 21 0. 22 0 . 22 0.34 0 . 26 0.31 
0.33 0. 21 0 .22 0. 32 0.21 
Downwind 0.20 0.22 0.25 0.28 0.27 0. 27 
0.26 0.27 0. 28 0. 23 0. 21 0. 27 0.20 
l eeward 0.24 0.24 0.25 0. 29 0. 28 0.15 
0. 20 0.17 0.17 0.19 0.18 O.l7 0.15 
slope 0.17 0.16 0.14 O.l7 0.17 -0.02 
0.06 0.02 0.00 0 .08 0.06 0.02 0.0~ 
-0.07 -0.09 -0.18 -0.17 -0 .l7 - 0.70 -0.47 -0.58 
-0.63 -0.3 9 -0.42 - 0.58 -0.39 
Down\olind 0.00 -0 . 01 -0 .06 - 0.04 -0.05 -0.21 
-0.17 -0.1.9 -0.20 -0.15 -0.16 -0.27 -0.15 
berm -0. 05 -0.06 -0.08 -0.08 -0.08 -0.14 
-0.12 -0.17 -0.14 -0.12 -0. 12 -0.13 -0.11 
.... 
"" N 
Table 55, Pressure coefficients for r e servoir two-dimensional models with a leeward sl ope of 1:1 and a breadth-depth ratio of 5 
Approach slope, ratio vertical to horizontal 
1o1 1 o2 L3 1 o4 
--
Static 
pressure Approach slope height, \'ertical distance related to depth (D) 
tube locations 
on model 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 20 50/4 0/2 
-0 .24 -0.23 -0 .19 -0 .40 -0. 44 - 0.93 - 0.52 -0.71 -0 .88 - 0.53 - 0 .47 -0.75 - 0 .04 
Upwind -0.24 -0.24 - 0.23 - 0.40 - 0.47 - 0.38 - 0 .38 -0.49 - 0.18 - 0 . 18 -0.17 -0.27 - 0 . 01 
berm -0.25 -0.24 -0.21 -0.20 -0.18 - 0 .09 - 0.14 - 0 . 10 -0.05 -0.06 - 0.05 -0.08 -0.01 
-0.25 -0.25 -0.24 -0.26 - 0 . 23 -0.11 - 0.18 -0.14 -0.08 -0.09 -0.08 -0.08 -0.02 
Upwind -0 . 24 -0.22 -0.19 -0 . 18 -0. 15 - 0.07 - 0.12 -0.08 -0.05 -0.05 -0 .05 -0. 06 -0. 01 
leeward -0.24 - 0.22 -0.18 -0.18 -0.15 -0.08 -0 . 12 -0.08 -0.05 -0.06 - 0.05 -0 .06 -0.01 
slope -0.24 -0.22 -0.18 - 0 . 19 - 0.15 - 0.08 -0.12 -0.09 -0.05 -0.06 -0.05 -0.07 -0.02 
- 0.24 -0.22 - 0.18 -0.18 -0.16 - 0.09 -0.12 -0.08 -0.05 -0.06 -0.05 -0.07 - 0.02 
-0.25 -0 .22 -0.18 - 0.19 - 0.1 6 - 0.10 -0 .13 -0.09 -0.05 -0. 06 -0.06 - 0.08 - 0.02 
-0.25 - 0 . 22 -0.18 -0.20 -0.17 -0 . 10 -0.14 -0.1 0 -0.06 - 0.06 -0.06 -0.08 -0.02 
- 0.25 -0.23 -0.19 - 0.26 -0.18 -0.1 0 -0.14 -0.11 -0.06 -0. 07 -0 . 07 -0.09 - 0.03 
-0.27 -0.24 -0.21 - 0.22 -0.18 - 0 . 10 -0.15 - 0.10 -0 . 07 -0.07 -0.07 - 0.09 - 0.03 
-0. 28 -0.25 -0.22 - 0 .21 -0.19 - 0.08 -0.14 - 0.09 -0.07 - 0.08 -0.08 - 0.09 -0.03 
Bottom -0. 29 -0.26 - 0.22 -0.21 - 0.15 -0.05 -0.13 -0.06 -0.06 -0.08 -0.08 - 0 .05 - 0.03 
- 0.30 -0 . 26 -0.21 - 0.19 -0. 12 0 .00 -0.10 -0.01 -0.05 -0. 08 -0.07 - 0.02 -0.02 
-0 .29 - 0 .24 -0.19 - 0.15 -0.08 0.04 -0.07 0.03 -0.01 -0.08 -0.07 0.03 0.01 
-0.26 -0' 21 -0.15 -0.11 -0.04 0.08 -0.04 0.07 0.02 - 0 .07 - 0.05 0 . 08 0 .04 
- 0.19 -0.15 - 0.10 -0.06 0.01 0.12 0.00 0.10 0.05 -0.04 - 0.02 0.11 0.06 
-0. 10 -0.07 -0 .03 0.01 0.05 0.15 0.04 0.12 0.09 0.00 0 . 02 0.14 0.10 
~o .ot. -0.01 0.02 0.06 0.11 0 . 21 0.08 0.18 0.15 0.04 0 .07 0. 22 0.15 
Downwind 0.04 0.07 0.09 0.11 0 . 16 0 . 25 0.13 0 . 23 0. 20 0.09 0.13 0. 28 0 .20 
leeward 0.16 0.17 0.19 0.20 0. 23 0.28 0.19 0.26 0.26 0.18 0 . 22 0.33 0.25 
slope 0 . 27 0. 26 0.26 0.26 0.25 0.23 0. 20 0.23 0. 25 0.23 0.25 0.29 0 . 23 
0.03 -o .01 -0.06 -0.12 - 0.24 - 0.60 -0.26 -0. 54 - 0.46 -0. Z6 -0.32 -0.63 - 0.49 
Downwind 0.10 0.05 0.00 - 0.02 -0.06 -0.17 -0.09 -0.16 -0.14 -0.10 -0.11 - 0 . 17 - 0.15 
berm -0.02 -0.07 -0.08 -0.08 -0 . 11 -0.16 - 0.12 -0.15 - 0.14 -0.13 -0.12 - 0.15 - 0 .14 
,... 
"-' 
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Table 56. Pressure coefficients fo r reservoir two-dimensional modeh with a leeward sl ope of 1 :4 and a breadth-depth ra tio of 15 
Approach slope, ratio vertical to horizontal 
1 '1 1 :2 L3 l :4 
--
Static 
pressure Arproach slope height, vertical distance related to depth (D) 
tube locations 
on mode l 2D 5D/4 D/2 2D 50/4 D/2 2D 5D/4 D/2 2D 5D/4 D-2 
-0.30 -0.26 -0.30 -o. 29 - 0.30 -1.31 -1.27 - 1.12 - 0 .31 -0.95 -l.l9 -1.25 - 0.12 
Upwind -0.32 -0.27 -0.31 -0.29 -0.31 -1 .03 -0 .95 -0.91 -0.74 -0.61 -0 . 60 -0.78 
-0.24 
berm - 0.34 -0.29 -0.34 -0.31 -0.33 -0.63 -0.67 -0 . 66 -0.57 -0.62 -0.62 
- 0.54 - 0.38 
-0.34 -0 . 28 -0 . 33 -0.31 -0.32 - 0.50 -0.55 -0 .57 -0.52 -0.53 -0.55 - 0.48 - 0.37 
Upwind -0.32 -0.28 -0.31 -0.30 -0.31 -0 .17 -0.23 -0.30 - 0.1 6 -0.19 -0.19 
-0.17 - 0.08 
leewar d -0.32 -0.28 -0.28 -0.29 - 0.29 -0.05 -0.07 -0 .11 -0. 05 -0.07 -0 .06 -0.05 
0.00 
slope -0 .33 -0.28 - 0 . 25 -0.28 -0.26 0.05 0 .03 -0.01 0 .05 0.02 0.03 0.05 
0.07 
- 0 .33 -0.29 -0.22 -0.27 -0.24 0.13 0.12 0.08 0.13 0.10 0.12 0 . 13 0.14 
-0.30 - 0.28 - 0.18 -0.24 -0.21 0 .23 0. 21 0.15 o. 23 0.17 0.21 0. 23 0. 20 
- 0.08 - 0 .14 -0.05 -0.12 -0. 09 0 . 15 0.15 0.14 0.15 0 . 15 0.15 0.15 0.15 
0.16 0.18 0.12 0.11 0 . 10 0.09 0.08 0.08 0.08 0.09 0.09 0.09 0.09 
0.14 0.18 0.13 0.16 0.13 0.04 0.03 0.03 0.03 0 .04 0.04 0.04 0.04 
0.11 0.13 0.11 0.14 0.11 0.06 0.05 0.05 0.05 0.05 0.05 0.06 0.05 
Bottom 0.06 0.07 0 .07 0.09 0.07 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
0.05 0.06 0.06 0.07 0.05 0.04 0.04 0.03 0.03 0.04 0.04 0 .03 0.04 
0.05 0.05 0.05 0 . 06 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
0.05 0.06 0 .06 0.06 0.05 0.06 0 .06 0.05 0.06 0 .06 0 .06 0 .05 0 .06 
0.07 0.08 0.10 0.09 0.09 0.11 0.11 0 . 10 0.11 0.11 0.11 0 .11 0 .11 
0.17 0.19 0.23 0.23 0.24 0.27 0.27 0.26 0.27 0.26 0.27 0. 27 0 . 25 
0.10 0.11 0.14 0.13 0.13 0.16 0.17 0.15 0.17 0.16 0.16 0.16 0 . 16 
Downwind 0.05 0.06 0.08 0.07 0.07 0 .09 0.09 0.08 0.09 0.09 0.09 0.09 0.09 
leeward 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0 .01 0 .01 
0.01 
slope - 0.04 -0.04 - 0.06 - 0.06 - 0.06 -0.07 -0.07 - 0.07 -0. 07 -0.07 -0 .07 - 0.08 
-0.07 
-0.22 -0.23 -o. 29 -0.28 -0.30 -0.35 -0.35 - 0.34 -0. 36 - 0.34 -0.36 -0.36 -0.35 
Downwind -0.12 -0.12 -0.17 -0.15 -0 . 17 -0.18 - 0 .18 - 0.18 -0.19 -0.18 -0 . 19 -0.19 -0.19 
berm -0.07 -0.07 -0 .09 -0 .08 - 0.08 -0.08 -0.09 - 0.09 -0.09 -0.09 -0.09 - 0.09 
-0 .09 
,... 
-..J 
~ 
Tabl e 57. Pr essure coeffici ents for reservoir two - dimensional models wi th a leeward slope of l :3 and a breadth-depth ratio of 15 
Approach slope, ratio vertical t o horizont al 
1:1 1 :2 1 :3 1 :4 
--
Static 
pressure Approach s l ope height, \ler tical distance r elated t o depth (D) 
tube locations 
on mode l 20 5D/4 0/ 2 20 50/4 D/2 20 5D/4 0/2 2D 50/4 0/2 
-0.30 -0.27 -0.26 - 0.27 -0.26 - 1.60 - 1.11 -1.20 - 1.18 -0. 7l - 0.77 -0.84 -0 . 18 
Upwind - 0.30 - 0.28 - 0.28 - 0.29 - 0.28 - 0.71 - 0.66 -0 . 78 - 0 . 54 -0.42 -0.50 -0.50 -0.24 
berm - 0.31 -0 . 29 - 0 . 30 -0.31 - 0.30 - 0.77 - 0 . 51 - 0 . 63 - 0.73 -0.41 -0 . 63 -0.70 - 0.48 
- 0.31 - 0.29 - 0.30 - 0.30 - 0.29 -0.81 - 0.46 -0 . 59 - 0.80 -0.33 -0.57 -0.72 -0.63 
Upwind -0.31 - 0 . 29 - 0.29 -0.29 - 0.28 - 0.2 6 - 0.25 -0.28 -0.24 -0.21 -0.27 -0.26 -0.13 
leeward - 0 . 32 - 0.29 - 0.27 -0.28 - 0.27 -0.07 - 0 . 21 - 0.15 - 0.05 -0 . 19 - 0 . 19 -0.11 0.01 
s lope - 0.3 2 - 0 . 30 - 0 .27 - 0.29 - 0.27 0.04 - 0.15 - 0 . 05 0 . 05 - 0.17 - 0 .10 o.oo 0.08 
-0.33 -0.30 -0.28 -0.30 -0.28 0.12 - 0.10 0.01 0.1 3 -0.14 -0.02 0.08 O.lJ 
- 0.33 - 0.30 -0. 26 - 0.29 -0.27 0. 20 - 0.06 0.07 0 . 19 -0.10 0.06 0.18 0.17 
- 0.31 - 0 . 29 -0.22 - 0.28 - 0.24 0.16 0.12 0 . 15 0 . 15 0.08 0.16 0.16 0. 16 
0.0 2 0.01 0.03 - 0.05 - 0.02 0.08 0.12 0 . 10 0 . 08 0.12 0 . 09 0.09 0 .09 
0.18 0 . 20 0.17 0.17 0.1 5 0.06 0.08 0.06 0.05 0.08 0.06 0.06 0.06 
0.13 0.14 0. 13 0 . 16 0.15 0.02 0.04 0.03 0 .02 0 .04 0 . 02 0.02 0.03 
Bot t om 0.09 0 .1 0 0.10 0.11 0.10 0.04 0.04 0.03 0 . 03 0.04 0.03 0.03 0.04 
0 . 05 0.05 0.06 0 . 0 6 0.06 0.02 0 .02 0 .02 0.02 0.02 0.02 0.02 0.03 
0.05 0.06 0.07 0.06 0.07 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.05 
0.06 0.06 0.08 0.07 0.07 0 .06 0.07 0.07 0.06 0.06 0.06 0 . 07 0.07 
0.10 0. 11 O.lJ O.lJ 0 . 13 0.15 0.14 0.15 0.15 0 . 14 0.15 0 . 15 0.15 
0.20 0.21 0 . 27 0. 28 0 . 28 0.31 0.31 0.31 0.3 2 0.29 0 . 30 0.32 0.30 
0.14 0.1 5 0 . 20 0.19 o. 20 0. 24 0. 23 0. 23 0.24 0. 22 0 . 23 0. 24 0 .23 
Downwind 0 .0 7 0.08 o.1r 0.09 0.10 0.13 0.12 0 . 12 0.12 0.11 0.12 0.12 O.lJ 
leeward 0.01 0 .01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0 .01 0 .01 0.01 0 .02 
slope -0. 07 -0.07 -0.08 -0.09 - 0 .09 -0.11 - 0.11 -0.11 -0 . 12 -0 . 11 - 0 . 12 - 0 . 12 - 0 . 11 
-0.27 -0 . 29 -0.36 -0.36 - 0.37 -0 .44 -0 .42 - 0.43 -0.46 -0 .42 -0.44 -0.46 -0.43 
Downwind -0.14 -0.14 - 0.18 -0.17 - 0.22 -0.22 -0.20 -0.21 -0.22 -0.20 -0.22 -0.22 - 0 .21 
berm - 0.10 - 0.11 - 0.12 -0.09 -0.12 -0.13 - 0.13 -0.14 -0.14 - 0.13 -0 . 15 -0.14 - O.lJ 
..... 
__, 
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Table 58. Pressure coefficients for reservoir two- dimensional modcl6 with a leeward slope of l. :2 and a breadth- depth ratio of 15 
Approach sl ope, ratio vertical to horizontal 
1 :1 1 :2 L3 1:4 
--
Sta t ic 
pressure Approach s l ope height, vertical distance related to dep th (D) 
tube locations 
on model 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 
- 0.28 - 0 .26 -0.22 - 0.25 - 0.36 - 0.51 - 0.99 - 1.13 - 1.18 -0.93 -1 .09 -0 .94 - 0.19 
Upwind - 0.29 -0.28 -o . 25 - 0.26 - 0.3 6 - 0 . 54 - 0.66 -0.59 - 0 .45 - 0 . 34 - 0.35 - 0 . 32 -0 . 11 
berm - 0.30 - 0 .30 - 0.28 - 0.28 -0.37 - 0.41 - 0.33 -0.39 - 0. 37 -0.23 -0.26 - 0.26 - 0.16 
- 0.30 -0 . 28 - 0.2 6 -0.27 -0j2 - 0 . 34 -0. 27 -0.30 -0 . 27 -0.17 - 0.18 - 0 . 17 - 0.14 
Upwind -0.30 - 0.28 - 0 . 26 - 0.26 -0.32 - 0 .31 -0 .23 -0 . 24 -0.21 - 0.17 -0.17 - 0.17 - 0.14 
le eward -0.30 - 0 .28 -0.25 -o .26 -0 .36 - 0.31 -0.22 -0.23 -0 .20 -0.18 -0 . 18 -0. 19 -0.14 
slope - 0 .31 -0 .29 -0 .26 -0.27 -0. 36 -0.30 -0 . 23 - 0.23 - 0.20 -0 .1 9 - 0 . 20 -0.20 - 0.13 
-0.31 - 0.29 -0.27 - 0.27 - 0.31 - 0.27 - 0.24 - 0 . 22 -0.19 -0 . 19 -0 .20 -0. 21 - 0.11 
C0.31 -0.29 - 0.26 - 0.28 - 0.26 -0 .22 -0 .24 - 0 .2 1 -0.16 -0. 19 - 0. 18 - 0 .1 9 - 0.08 
-0.33 -0.31 - 0.29 - 0.31 -0 . 18 - 0 . 06 - 0.13 -0. 04 0.03 -0.13 - 0.08 -0. 04 0.08 
-0 . 23 - 0. 20 -0.16 ·0 . 24 - 0 .01 0.09 0.08 0 . 13 0.14 0 . 08 0 .1.4 0.15 0.15 
0.11 0.14 0.13 0 . 06 0.1 2 0.11 0 .13 0 . 12 0.11 0 .13 0.13 0 . 12 0.11 
0.17 0.18 0 . 18 0.22 0.12 0 . 09 0 .11 0 . 08 0.07 0 . 10 0 .09 0 . 08 0.08 
Bottom 0.13 0. 14 0.14 0.19 0 . 11 0.08 0.08 0.07 0 . 07 0.08 0 .08 0.07 0.07 
0.06 0.07 0 . 08 0.09 0.06 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0 .04 
0 . 06 0.07 0.08 0.09 0.07 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.07 
0 .07 0.08 0.09 0.09 0 .09 0 . 08 0 . 09 0.09 0.09 0 . 09 0.09 0.09 0.10 
0.10 0. 11 0.15 0.14 0.14 0.14 0.15 0.16 0.16 0 . 16 0.16 0 .15 0.17 
0. 24 0. 26 0.33 0.36 0.32 0.33 0.36 0.37 0.36 0 . 35 0.36 0.36 0. 36 
0.18 0.20 0.26 0.26 0.25 0.26 0. 29 0 . 30 0.30 0. 29 0. 30 0.30 0.30 
Downwind 0.09 0 .10 0. 14 0 .13 0.14 0.15 0.17 0.16 0 . 17 0 . 17 0.17 0 .17 0.18 
leeward 0.03 0.04 0.06 0.04 0 .05 0 .06 0.06 0.06 0 .06 0.06 0.07 0.06 0.08 
s lope -0.10 -0.10 - 0.12 -0.14 -0.11 - 0 .12 - 0.15 - 0.14 -0.14 - 0. 14 - 0.14 -0.14 -0.13 
-0. 58 - 0.61 - 0 . 79 -0 .81 - 0.77 -0.85 -0.92 -0.92 -0.95 - 0 .93 -0.93 - 0.95 - 0 .93 
Downwind -0.17 -0.19 - 0.23 -0.24 - 0 . 22 -0.24 - 0 . 29 - 0.27 - 0.28 -0.27 - 0.27 -0.28 -0.27 
berm - 0 .09 - 0 . 09 - 0.10 - 0.10 -0.09 -0.11 -0.11 ·0.11 -0.11 - 0.11 - 0.11 -0.11 - 0.10 
..... 
~ 
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Table 59. 
Pressur e coefficients for reservoir two - dimensional models with a leeward slope of 1:1 and a breadth-depth ratio of 15 
Approach slope, ratio vertical to horizontal 
1;1 1 ;2 1 ;3 
1 ;4 
--
Static 
pressure 
Approach slope height, vertical distance related to depth (D) 
t ube l oca tions 
on model 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 
2D 5D/4 D/2 
-0. 30 -0 .26 -0.23 -0.25 - 0.24 - 0.30 - 0.83 - 0.84 -0.68 
-0.46 -0.59 -0.82 -0.04 
Upwind -0.31 -0.26 -0.23 - 0.25 - 0.25 -0. 28 
-0.48 -0.33 -0.27 - 0.27 -0.28 -0. 29 -0. 05 
berm -0.31 -0.27 -0.24 -0.26 -o . 24 - 0.23 -0.18 
-0.1 8 -0.16 -0.16 - 0.15 -0.15 -0.10 
-0.31 -0.27 -0. 25 -0.26 -0.26 -0.27 -0.26 -0.23 -0.20 
-0.19 -0.18 -0.18 -0.09 
Upwind - 0.31 -0.26 -0.23 -0.25 -0.24 -0.23 -0.18 
- 0.18 -0.16 -0 . 16 -0 . 15 -0.15 -0.10 
leeward -0 .21 -0.26 -0.23 -0.25 -0.24 -0 .23 
-0 .19 -0.18 -0.17 -0.16 -0.15 -0.15 -0.11 
slope -0 .31 -0.26 -0.23 -0.26 -0.24 - 0.23 -0.19 
-0.19 -0.17 -0.16 -0 . 15 -0.15 -0 .11 
- 0.31 -0.26 -o .24 -0 .26 -0.24 -0.23 - 0.19 -0.19 -0.18 
-0 . 16 -0.15 - 0.15 - 0.11 
-0. 31 -0 . 27 -0.24 -0.26 - 0.25 -0.23 -0.20 - 0.20 -0.18 
-0.17 - 0.15 -0.16 - 0. 12 
-0.32 ·0. 29 -0.28 - 0.30 -0.28 -0.27 - 0.21 - 0 . 21 - 0.21 
- 0.18 - 0.16 -0.18 -0.12 
-0.34 -0.31 ·0.29 -0.31 -0.28 -0.21 -0.10 -0.06 -0.02 
-0.12 -0 . 09 -0.04 0.04 
-0.11 -0.13 -0.07 -0.11 - 0 .09 0.02 0 . 11 0.15 0.16 
0.12 0 .11 0.15 0 . 15 
0.17 o. 20 0 . 19 0.17 0.15 0.16 0.14 0.14 0.14 
0.15 0.15 0.14 0 . 12 
Bottom 0.15 0.18 0.17 0.19 0.18 0.14 0.09 
0.08 0.07 0.09 0.10 0.08 0 .07 
0.12 0 .14 0.14 0 .16 0.15 0.13 0.10 0.09 0.09 
0.10 0.10 0.10 0.09 
0.09 0 . 10 0.12 0.12 0.12 0.11 0.10 0.09 0.09 
0.09 0.10 0.10 0.09 
0.11 0,13 0.16 0.15 0.15 0.16 0.16 0 . 16 0.16 
0 . 16 0.16 0.16 0.16 
0.16 0.19 0. 24 0 . 24 0.24 0. 25 0.27 0.27 0.27 
0. 27 0 . 27 0. 27 0.27 
0.30 0.3 5 0.40 0.44 0.43 0.41 0.42 0 .42 0 .43 
0.42 0.42 0.42 0 .40 
0.32 0 .37 0.45 0 .50 0.49 0.48 0.49 0.50 0.50 
0.49 0.49 0.50 0.4 7 
Downwind 0 . 25 0.29 0.38 0.40 0.41 0 .41 0 .44 
0.44 0.45 0 .44 0.44 0.45 0.39 
l eeward 0.19 0.22 0 .31 0.32 0.32 0.34 0.37 
0.37 0,38 0.37 0.37 0.38 0.37 
slope 0.06 0.09 0.14 0.14 0.14 0.15 0.17 
0.17 0 . 18 0.18 0.18 0.18 0.18 
-0 . 30 -0.27 -0.31 -0.28 -0.30 -0.32 -0.32 - 0.32 -0.30 
-0.33 -0.32 -0.30 -0.33 
Downwind - 0.29 -0.27 -0.32 - 0.28 -0 .30 -0 .33 -0.31 
-0 .32 -0.31 -0.33 -0.32 - 0.30 -0.33 
berm -0.26 -0.26 -0.28 - 0.29 -0.29 - 0.30 -0.30 
- 0.30 -0.30 -0.31 -0.30 -0.29 -0 . 30 
..... 
"" 
"" 
Table 60. Pressure coefficients for reservoir two-dimensional models with a l eeward slope of 1 :4 and a breadth-depth ratio of 25 
Approach slope, ratio vertical to horizontal 
1:1 1 :2 1 :3 1:4 
--
Sta tic 
pressure Approach slope height, vertical distance related to depth (D) 
tube locations 
on model 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 
-0.26 - 0.24 -0.28 - 0.31 -0.34 -0 .57 - 0.46 -0.55 -1.12 - 1.07 -o .86 -1.26 -0.36 
Upwind -0.27 -0.25 -0.29 -0.31 -0 .36 -0.57 - 0.46 - 0 .56 - 1.12 -0.86 - 0.68 -0. 87 -0.26 
berm -0.29 - 0.27 -0.31 -0.34 - 0.37 -0 .5t~ - 0.44 - 0.53 -0.73 -0.51 -0.42 -0.59 -0.33 
- 0.28 -0.26 -0 .31 -0 .32 -0.38 - 0.54 -0. 44 -0.53 -0.96 - 0.60 -0 .51 -0.69 -0. 35 
Upwind -0 .30 - 0.28 -0.30 - 0.34 - 0.32 - 0.41 - 0.38 -0.41 -0.23 -0. 30 -0.28 - 0.20 -0.09 
leeward -0.30 -0 . 27 -0.25 -0 . 31 -0.29 - 0.23 -0 . 28 -0.25 -0.04 -0.12 -0.15 - 0.03 0.00 
slope - 0.31 -0.27 - 0.22 -0.27 - 0.25 -0.13 -0.20 -0.14 0.05 0.00 -0.05 0.06 0.07 
- 0.32 -0.28 - 0.18 -0 . 24 -0.22 -0.05 -0.13 -0.04 0.12 0 . 09 0.03 0.13 0.13 
0.00 -0.11 -0.36 0.01 -0.16 0.04 -0.05 0.05 o. 21 0.16 0. 10 0. 23 o. 21 
0.11 0.09 0 . 11 0 . 08 0 .08 0.11 0.11 0 . 12 0 . 09 0 .10 0.10 0.09 0 .09 
0.16 0 . 17 0.13 0.14 0.11 0.07 0.09 0.08 0.05 0.05 0.05 0.05 0.04 
0.08 0.08 0 .08 0.09 0.09 0.07 0.09 0.06 0.04 0.03 0 . 05 0.05 0.05 
0.02 0 .02 0.03 0.03 0.02 0.01 0.02 0.01 -0.01 0.00 0.01 0 . 00 -o .01 
Bottom 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.03 0 .03 0.03 0.0!. 0.02 
0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.00 
0.02 0.02 0.02 0.03 0 .02 0 . 02 0 . 02 0 .02 0.01 0.02 0.02 0.02 0 .01 
0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0 .02 0.01 
0.05 0.05 0.06 0.06 0.03 0.04 0.04 0.06 0.06 0.06 0.04 0.04 0 .03 
0.17 0 .19 0.23 0.22 0. 21 0.23 0.23 0.23 0. 25 0 . 25 0.24 0. 25 0.24 
0.10 0.10 0.13 0.1 2 0.12 0.13 0.13 0.13 0.14 0.14 0.14 0.15 0.14 
Downwind 0.05 0.05 0.07 0.06 0.05 0.06 0.06 0.06 0.07 0.07 0.05 0.06 0.06 
leeward 0.02 0.02 0.03 0.03 -0.01 -0.01 -0.01 0.02 0.02 0 .02 -0.01 - 0.01 -0.01 
slope -0.03 -0.03 - 0.03 -0.03 -0.07 - 0.08 - 0.07 -0.04 - 0 . 04 - 0 .04 -0.08 - 0.08 -0.09 
-0.37 -0.40 - 0.48 -0.44 -0.37 -0.40 -0.39 -0.45 -0. 53 -0 . 52 -0.41 -0.47 - 0 .45 
Downwind -0.14 -0.16 -0.18 - 0.17 - 0.18 -0.20 - 0.18 - 0.18 -0.20 - 0.19 - 0 .20 -0.21 -0.22 
berm -0.10 -0.11 - 0.12 -0.11 - 0.12 -0.14 -0.13 -0. 12 -0.14 -0.13 - 0 .13 -0.14 - 0.15 
..... 
"" 00 
Table 61. Pressure coefficients for reservoir two-dimensional models with a leeward slope of l :3 and a breadth-depth r atio of 25 
Approach slope , ratio vertical to horizontal 
1 o1 1 o2 l :3 1 o4 
--
Sta tic 
pressure Approach slope height, vertical distance related to depth (D) 
tube loca t ions 
on model 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 
- 0 . 28 -0.24 -0 . 24 - 0.24 - 0.25 - 1.44 -0.41 - 0 .~2 -l. 21 - 0 .50 -0.60 -l.12 - 0.19 
Upwind - 0.29 -o. 2s - 0.25 - 0.25 - 0 . 25 - 0.83 -0.4 0 - 0,32 -0.64 -0.36 -0.4 3 -0 . 77 -0.28 
berm - 0.30 -0.25 - 0.26 -0.26 - 0 . 26 - 0.65 - 0.37 -0.32 -0.62 -0 . 29 - 0.3 2 -0.49 -0.36 
- 0.30 -0.26 - 0.26 -0.26 - 0 . 26 -0.60 - 0.30 -0 . 30 -0.71 -0.21 -0.23 -0 . 50 -0.50 
Upwind -0.30 -0.26 -0 .26 -0 .27 - 0 . 26 - 0.24 - 0.28 - 0.30 - 0 . 26 - 0.18 -0.23 -0.27 - 0 . 12 
leeward -0 .30 -0.26 - 0.25 - 0.27 -0.25 -0.10 - 0.27 - 0 . 27 - 0 . 08 -0.18 -0.22 - 0.14 0.01 
slope -0.31 -0 .27 -0 .24 -o. 21 - 0.25 - 0.02 -o .25 -0.25 0.03 -0.18 - 0.19 -0.03 0.09 
- 0.32 -0.28 - 0.25 -0.28 -0.25 0.04 - 0.22 -0.23 0 .11 -0.17 -0 . 15 0 .05 0.14 
'0 .31 - 0.27 -0.21 -0.27 - 0.22 0.11 - 0. 18 - 0 .1 9 0.18 -0 .14 0.01 0.13 0.19 
-0.13 - 0.13 -0.05 -0.15 - 0.09 0 .14 0.06 0.06 0 . 14 0.13 0. 14 0.14 0.14 
0.21 0.2 2 0.17 0.19 0.17 0.08 0.13 0.14 0.07 0.11 0.10 0 . 08 0.07 
0.11 0.13 0.12 0 . 14 0.13 0 .06 0 .09 0.09 0.06 0.07 0.07 0.06 0.05 
0.05 0.06 0.06 0 . 06 0.07 0 . 03 0.04 0.05 0.03 0 .04 0 .04 0 ,03 0.03 
Bottom 0.01 0.02 0.02 0.01 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 
0.02 0 . 03 0 .03 0.03 0.04 0.02 0.03 0.03 0.02 0.02 0.03 0 . 02 0.02 
0.01 0 .02 0.01 0.00 0.02 0 .01 0.01 0.01 0 . 00 0 .00 0.01 0.01 0.01 
0.03 0.03 0 .04 0.03 0.04 0.04 0.03 0.04 0.03 0.03 0.03 0.04 0.03 
0.05 0 .06 0 .07 0.06 0.07 0 .08 0 .07 0.07 0.07 0.07 0.07 0.07 0.07 
0.19 0 . 21 0.26 0.25 0. 25 0 . 27 0.26 0. 25 0 . 29 0.27 0 . 26 0. 28 0.28 
0.14 0 . 16 0 .1 9 0.18 0 . 19 0 . 22 0 . 20 0 .1 9 0. 22 0 . 21 0 . 21 0. 22 0.22 
Downwind 0.08 0 . 10 0.11 0.10 0.11 0.12 0.11 0.11 0 . 13 0.12 0 . 12 0.12 0.13 
leeward 0.02 0.03 0.04 0.02 0.03 0.03 0.03 0.03 0 .03 0.03 0.04 0.03 0 .04 
slope -0. 06 -0.05 -0.07 - 0.08 -0.06 -0 .08 -0.09 - 0.08 - 0.09 -0.08 -0.07 - 0.09 -0. 09 
-0. 39 -0.40 -0.51 -0.50 -0.49 -0.57 -0.55 - 0.53 -0.59 -0 . 56 -0.54 -0.56 -0.60 
Downwind -0.18 -0. 18 -0.22 -0.22 -0.21 -0.24 - 0 .23 -0.23 -0.25 -0.24 -0.23 -0.25 -0.26 
berm -0.11 -0.10 - 0.12 -0.12 - 0 .11 -0.13 - 0.13 -0.13 -0.14 -0.13 -0.11 -0.14 -0.22 
..... 
"" 
"' 
Table 62. Pressure coefficients for r eservoir two-dimens iona l models with a l eeward slope of 1:2 and a breadth - depth ratio of 25 
Approach slope, ratio vertical to horizontal 
l'l l '2 1,3 
l ,4 
--
Static 
pressur e Approach slope height, vertical distance related to depth (D) 
tube loca tions 
on mode l 20 50/4 0/2 20 50/4 0/2 20 50/4 0/ 2 20 50/4 0/2 
- 0.27 -0 .24 -0.19 -0.22 - 0.21 - 0.40 -0.25 -0.27 -0.26 - 0.45 -0. 44 -0.30 
- 0 .09 
Upwind -0.28 - 0 .24 -0.20 -0 . 22 -0.22 - 0.37 -0 . 26 -0.26 -0.28 -0.34 
- 0.28 -0.32 - 0.06 
berm - 0.28 -0.26 -0.21 -0.23 -0.22 - 0.31 -0.25 -0.27 - 0.30 -0.25 
-0.21 -0. 32 -0.09 
-0 .28 -0.26 - 0.22 - 0.23 -0.23 -0.26 -0.24 -0.25 -0.27 - 0 . 20 -0 . 17 -0.27 
-0 .12 
Upwind - 0.29 - 0.26 -0.22 -0.24 -0.24 -0.27 -0.24 -0.26 - 0.27 - 0.20 
-0.16 -0.26 -0.12 
leeward - 0.29 -0.27 - 0.22 -0.24 - 0 . 24 - 0.30 -0.25 -0.26 -0.26 -0 . 21 
-0.17 -0.26 -0.12 
s l ope - 0.30 - 0 . 27 -0.22 -0 . 25 -0.25 - 0.30 -0 . 25 - 0.26 -0.26 -0.21 
-0.18 -0.25 -0 . 12 
- 0.30 -0.27 -0.23 -0 . 25 - 0.26 -0 .27 -0.25 - 0.26 -0.26 - 0 . 22 - 0 . 18 - 0.24 
-0.12 
-0.30 -0.27 - 0.23 - 0.25 - 0 . 25 - 0 . 24 -0 .25 -0.24 -0.24 - 0.21 -0.18 -0. 2l -0.09 
-0.31 -0 . 28 -0.25 -0.28 -0.22 -0.02 -0.17 -0 . 13 -0.07 -0 . 08 - 0 . 04 0.05 
0 .1 5 
0.21 0 . 21 0.17 0.16 0.15 0.14 0.12 0.15 0.15 0.15 0 .17 0 . 15 0.13 
0.14 0.16 0.14 0.17 0.14 0.08 0.12 0.11 0.09 0.09 0.09 0.09 0.0 6 
0 .06 0.06 0.07 0 . 08 0 .07 0.05 0.07 0.06 0.05 0.05 0.05 0 .06 0.03 
Bottom 0 .05 0.05 0.06 0.06 0.06 0.04 0.06 0.05 0.05 0.04 
0.05 0.06 0.03 
0.02 0.03 0 .03 0.03 0.03 0.02 0 .03 0.02 0.02 0 .02 0.03 0.04 
0.02 
0 .02 0.02 0.02 0 .03 0.03 0.02 0.03 0.02 0.02 0.02 0.03 0.04 
O.Ol 
0.04 0.04 0 . 04 0 . 04 0.05 0 . 04 0.05 0.04 0.04 0.04 0.05 0.06 0.04 
0.08 0.09 0.10 0.10 0.10 0.09 0.10 0.10 0.10 0.10 0.11 0.12 0 . 11 
0.23 0.25 0.29 0.33 0.30 0.31 0.33 0 .3 1 0 . 31 0 . 33 0 . 33 0 . 33 
0.34 
0. 20 0. 22 0.28 0.30 0 . 27 0 .28 0.29 0 . 28 0 . 28 0.30 0. 30 0.30 0. 30 
Downwind 0.13 0.15 0.19 0.21 0 .18 0.19 0 .19 0.19 0.19 0.20 0. 21 
0 . 21 0. 20 
leeward 0.06 0 .07 0.09 0.12 0.09 0.10 0.09 0.09 0.09 0.09 
0.10 0.11 0.10 
slope - 0 . 03 -0.03 -0.02 0.04 0.00 -0.01 -0.02 -0. 02 -0.03 -0.02 
- 0.02 0.00 -0.02 
-0.38 -0 . 37 -0.40 -0.21 -0.29 -0.41 -0.39 -0. 38 -0.46 -0.43 -0.45 - 0.41 -0.48 
Downwind -0.22 -0.23 -0.29 -0.20 - 0.25 -0 .27 -0.26 -0.27 -0.30 -0.29 -0.29 - 0.27 
-0.30 
berm -0.14 -0 .1 5 - 0.19 -0.16 - 0.19 -0.1 8 - 0. 17 -0.19 -0.19 -0.20 
-0.18 - 0.17 - 0.19 
..... 
ex> 
0 
Table 63. Pressure coefficients f or rese rvo ir two-dimensiona l models with a l eeward slope of 1 :1 and a breadth-depth ratio of 25 
Approach slope, ratio vertical to horiz.onta l 
1:1 1:2 1 :3 1:4 0 
--
Static 
pr essure Approa ch slope height, vertical. distance related to depth (D) 
tube locations 
on model 20 50/4 0/2 20 50/4 0/2 20 S0/4 0/2 20 50/4 0/2 
- 0 .29 -0.25 - 0.20 - 0.23 -0.22 -0.30 - 0.24 -0.30 - 0 . 75 - 0.4 5 - 0 .56 -0.66 
- 0.04 
Upwind -0.30 - 0 .25 -0.21 -0.24 -0.22 - 0.29 -0 . 24 -0 . 29 -0.56 - 0 .31 - 0 . 32 
-0.46 - 0.06 
berm -0.30 - 0 .25 -0.22 -0.24 -0.23 -0.26 -0.24 -0.29 - 0.29 -0.24 - 0 .26 
- 0.31 -0 .1 0 
-0.30 -0.25 - 0.21 - 0.24 - 0.22 - 0.23 - 0.21 -0.24 - 0.17 - 0.1 8 - 0 .17 -0 . 17 
- 0 .09 
Upwind -0.30 - 0.25 -0 .22 - 0.24 -0. 22 -0 .23 - 0.22 - 0 . 24 -0.17 - 0 .1 8 - 0. 17 
-0 . 17 - 0.09 
leeward -0.30 - 0.25 -0.21 -0 .24 -0 .22 -0.23 - 0.22 - 0.25 - O.l7 -0.18 -0. 17 
-0.18 - 0 . 09 
slope -0 .30 -0.25 -0.22 -0.25 -0.23 -0 . 25 -0.23 -0.25 -0.19 -0.19 
-0.18 -0.19 -0.10 
-0.30 -0 .26 -0 . 22 - 0.25 -0.23 -0.25 -0 .23 -0.25 -0.19 -0.19 -0.19 -0.19 -0.10 
- 0 .30 -0.26 - 0.23 -0.25 - 0 . 23 - 0 .26 - 0 .23 - 0 .2 6 -0 . 20 -0.20 - 0 .19 - 0.20 
- 0.10 
- 0.34 - 0.30 - 0 . 29 - 0.32 - 0.29 - 0.20 -0.25 - 0.25 - 0.07 - 0 .19 - 0.1 5 - 0.1 1 - 0 .02 
0.00 -0.02 0.01 -0.02 - 0.01 0.13 0.03 0.06 0.18 0 . 14 0 .18 0 .1 8 0 .16 
0.17 0. 20 0.20 0. 20 0.19 0.12 0.15 0.12 0.08 0.11 0.09 0.10 0 .08 
0.07 0.08 0 .09 0 . 09 0.10 0.07 0.08 0 . 06 0 . 05 0.05 0 .OS 0 .0 2 
- 0.06 
Bottom -0.03 -0. 03 -0 . 02 -0.04 -0.03 -0 .02 - 0 . 03 -0. 05 -0 .04 -0. 04 - 0 .04 
-0 .03 - 0 .04 
0.03 0 .04 0.06 0 .OS 0.06 0.05 0 .05 0.03 o.os 0.05 0 .05 0.06 0 .04 
0.02 0.03 0.04 0.03 0.04 0.04 0 . 03 0.01 0.03 0 . 03 0 .03 0.04 0.0 2 
0.05 0.06 0.07 0.06 0.07 0 .07 0.07 o.os 0.08 0 .07 0 .07 0.08 0.07 
0.12 0 . 14 0.18 0.16 0.17 0.18 0.18 0.17 0.19 0.19 0.19 0 .20 0 . 20 
0. 25 0. 29 0.35 0.35 0. 36 0.35 0.38 0 .36 0 .38 0 .38 0 .39 0 .38 0.38 
o. 29 0.34 0.43 0 .41 0.43 0. 42 0.45 0.42 0 .44 0 .44 0.45 0.44 0 .45 
Downwind 0.26 0 .31 0.40 0.37 0.39 0.39 0.40 0.39 0.42 0.42 0.43 
0 .42 0.43 
l eeward 0.21 0.25 0.33 0.30 0.3 2 0.34 0.34 0.34 0.35 0 .3 5 0.36 
0.36 0.35 
slope 0.12 0 .15 0.20 0.17 0. 20 0.21 0 . 21 0.19 0 . 23 0. 22 0. 23 
0 . 22 0 .24 
0.24 -0 . 16 -0.17 -0.17 - 0.17 - 0.18 - 0. 18 -0.19 -0.17 -0.18 - 0.18 -0.17 -0.18 
Downwind -0 .1 6 - 0. 16 - 0.18 -0.18 - 0.18 -0.18 - 0.18 -0.20 -O.l8 -O .l9 -0.19 
-0.18 - 0.19 
berm -0. 16 -0.17 - 0.19 - 0.18 - 0.18 -0.19 - 0.19 -0 . 21 -0.1 9 - 0.19 - 0.20 
- 0 . 18 - 0.20 
~ 
co 
~ 
Appendix F 
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Table 64. Pressure coefficients for canal two-dimens ional models with a leeward slope of l :2 and a breadth-depth ratio of 1/2 
Approach slope, ra t io vertical to horizontal 
1:1 1 :2 1 :3 1:4 
--Static 
pressure Approach slope hei ght, vertical distance related to depth (D) 
tube loca t ions 
on mode l 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 20 50/4 0/2 
- 0 . 28 -0.29 - 0.64 -0.95 - 1.00 -1.01 - 0.75 - 0 . 78 -0.81 -0.67 -0.61 -0.35 
Upwind -0.29 -0.31 -0 .36 -0.25 -0.~3 -0.05 - 0.10 -0.08 -0.04 - 0.08 -0.09 0.04 
berm -0.27 -0.24 -0.15 - 0.13 -0 .07 -0.01 -0.02 -0.01 0.00 -0.02 -0.03 0.06 
-0.28 - 0.25 - 0 . 13 -0.12 -0.09 -0.04 -0.04 -0.03 -0.03 -0.03 -0 . 03 0.05 
Upwind -0.26 -0.21 - 0.01 -0 . 04 -0.04 - 0.02 -0.02 - 0.01 -0.01 -0.02 - 0.02 0 .06 
leeward -0.26 - 0.21 0.05 -0.01 -0. 03 -0.03 -0.03 - 0.03 -0.04 -0.03 -0.03 0.04 
slope ·-0 .25 -0.21 0.08 0 . 01 -0.02 -0.04 -0.04 -0.05 -0 . 06 -0.04 -0.04 0.03 
-0.24 -0.21 0.10 0.02 0 . 00 -0.04 -0.05 - 0 .05 -0. 06 -0.05 -0.04 0.03 
-0.20 -0.16 0.12 0.03 0.03 -0.02 - 0.04 -0.04 -0.05 -0.03 -0.03 0.04 
Bottom -0.21 -0.17 0.12 0.03 0 . 02 -0.03 - 0.05 -0.05 -0.05 -0 .05 -0 .04 0.03 
- 0.19 -0 . 15 0 . 14 0.04 0.03 -0,02 -0.04 -0.04 - 0.04 -0.04 -0.03 0.04 
-0.18 -0.15 0.22 0.09 0.10 0.02 -0.04 -0.04 -0.02 -0. 04 -0.02 0.04 
Downwind -0.07 -0.06 0. 29 0.16 0.18 0 .ll 0 .04 0.06 0 . 11 0.02 0 .OS 0.11 
leeward 0.06 0.07 0. 27 0. 21 0.23 0.23 0.16 0.19 0.26 0.14 0.15 0.20 
slope 0.15 0.15 0.15 0.15 0.14 0.17 0.18 0.19 0.21 0.17 0.16 0.18 
0.15 0 .14 -0.19 -0.11 -0.12 -0.07 - 0.01 - 0.03 -0.06 -0.01 -0 .03 0.03 
0.08 0.05 -0.38 -0.28 -0.31 -0.27 - 0.20 -0.23 -0.28 - 0.19 -0.20 -0.10 
Downwind 0.05 0.02 - 0 . 07 -0 .08 -0.08 -0.08 - 0.07 -0 .07 -0. 08 -0.07 -0.08 0.01 
berm -0.04 -0.06 -0.06 - 0 .09 - 0.08 -0.07 -0 .06 - 0.07 - 0.08 -0.07 - 0 .08 0.01 
-0 .01 
0.02 
0.01 
0.00 
0.01 
-0.01 
-0 .03 
-0. 03 
-0. 02 
-0 .02 
-0.02 
-0.01 
0.08 
0.18 
0.16 
-0.04 
-0.21 
- 0 . 08 
-0.08 
.... 
"' w 
Table 65. Pressure coefficients for canal two -d imensional models wi th a leeward slope of 1:1 .5 and a breadth-depth ratio of l/2 
Approach slope, r atio ver t ical to horizontal 
1:1 1 :2 1:3 l :4 
--
Static 
pre ssure Approach slope hei ght, 'Jer tical dis tance related to depth (D) 
tube locations 
on mode l 2D 50/4 0/2 20 5D/4 0/2 20 50/4 D/2 2D 50/4 D/2 
-0 .32 -0.3 0 - 0 .64 - 0.77 - 0.89 - 0 .85 - 0.84 -0.93 -0.71 - 0.5 6 -o . 59 - 0 . 58 -0 . 02 
Upwind -0. 34 - 0.33 - 0.17 - 0.29 - 0.12 -0.06 - 0.12 - 0 . 10 - 0.08 -0.10 -0 . 08 -0 . 07 -o.cn 
berm - 0.29 -0.24 - 0.02 -0.01 0 .00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.02 
-0.31 -0.27 -0.04 - 0.06 -0.06 - 0 . 05 -0.05 - 0.05 -0. 04 -0.04 -0.03 -0.04 -0 .02 
Upwind -0 .27 -0 .25 0.00 - 0.02 - 0.04 -0.04 - 0.05 -0.04 - 0.04 -0.05 -0.03 - 0.03 -0. 02 
leeward -0.26 -0.24 0.00 - 0.02 - 0 . 04 - 0.04 - 0.05 -0. 05 -0. 04 -0.05 -0.04 -0.04 - 0.02 
s l ope •0 .25 -0 . 23 - 0.01 -0.02 -0.05 - 0.05 -0.06 -0.05 -0.05 -0.06 - 0.05 -0.05 -0. 03 
-0 .22 -0.19 0 . 01 - 0.01 - 0.03 - 0.04 - 0 .05 - 0.05 - 0 .04 -0 .05 -0 .04 - 0.04 - 0.02 
- 0.23 - 0 . 20 0.01 -0.01 - 0.03 -0.04 -0.06 -0. 05 -0.05 -0 .06 -0.05 - 0.04 - 0.03 
Bo t tom -0.23 -0.20 0.01 -0.01 -0.03 -0.04 - 0.06 -0.05 - 0.05 -0. 06 -0.05 - 0.04 - 0.03 
-0.20 - 0.17 0 .03 0.01 - 0.01 - 0.02 -0.04 - 0.04 -0.03 -0 .04 -0.03 -0. 03 - 0.01 
-0 .23 - 0 .21 0.06 0.03 0.00 - 0 . 0 2 -0 . 06 - 0.04 -0.04 -0.05 -0.04 - 0.04 -0.02 
Downwind -0 . 17 -0.17 0.14 0.08 0.06 0.06 - 0.01 0.02 0 .02 -0.01 0 .02 0 .02 0.03 
l eeward - 0.05 -0.06 0.23 0.15 0.16 0.19 0.11 0.14 0.19 0.11 0.14 0.19 0 . 14 
s l ope 0.05 0 . 06 0.18 0 . 15 0.13 0.18 0.15 0.16 0.25 0.15 0 . 17 0. 21 0.19 
0.11 0.13 -0 .04 - 0.03 -0. 03 0.00 0.03 0.01 0 . 04 0.03 0.02 0.04 0 . 02 
0.09 0.09 - 0.29 - 0.23 - 0.25 -0.25 - 0.19 - 0.22 -0.27 -0.21 -0.21 -0.27 - 0.20 
Downwind 0.06 0.05 -0.06 -0.06 -0.06 -0.07 - 0.06 - 0.07 -0.07 -0 .07 -0.07 - 0.07 -0.07 
berm -0. 04 -0.06 -0.09 -0.10 - 0.08 -0.10 - 0.08 -0.09 - 0.11 -0.10 -0.10 - 0.11 - 0.11 
,... 
"' 
..,.. 
Table 66. Pressure coefficients for canal two-dimensional models with a leeward slope of 1 :2 and a breadth-dep t h ratio of 5/4 
Approach slope, ratio vertical to horizontal 
1:1 1 :2 1 :J 1:4 
--
Static 
pressure A:>proach sl ope height , vertical distance re l a ted to depth (D) 
tube locations 
on mode l 2D 5D/4 D/2 2D 50/4 D/2 2D 50/4 D/ 2 2D 5D/4 D/2 
-0.28 -0.28 -0.70 -0.90 -1.17 -1.07 - 0.99 -0.81 -0.86 -0.62 -0.52 -0.62 
Upwind - 0 . 29 - O. JO - 0.20 - 0 . 29 - 0.1 2 -0. 08 -0.1J - 0 . 09 -0.08 -0.09 -0 .08 - 0 .07 
berm - 0.2 7 - 0.2J - 0.21 -0.10 - 0 .10 - 0.10 -0.07 - 0 . 04 -0.14 -0 . 04 - O.OJ - 0.07 
-0 .2 7 -0.24 - 0.17 - 0 .15 -0.1 J -0.11 -0.09 - 0 .05 - 0 . 1J - 0.05 -0.04 - 0.08 
Upwind -0.25 - 0.20 -0.04 -O.OJ -O . OJ -0.04 -0. 05 - 0 . 02 -0.06 -O.OJ -0 .01 - 0.04 
leeward - 0.25 -0.20 -0.03 -0.02 -O.OJ -0. 04 -0 .05 - O.OJ -0.05 -O.OJ -0.02 -0.04 
sl ope - 0.2 5 - 0.20 -0.01 - 0. 01 -0.02 - 0.02 - 0.05 -0 .04 -0.03 -0.05 - 0.04 - O.OJ 
- 0 .24 - 0 .19 0.04 0.01 -0. 01 - 0.02 - 0 . 05 - 0 .05 - 0. 01 -0. 05 - 0.04 - O. OJ 
- 0.2J -0 . 18 0 .07 O.OJ 0.00 -0. 01 -0. 04 - 0.04 0.01 -0.04 -0 .04 - O. OJ 
Bot t om - 0.24 - 0. 19 0.14 0.06 O.OJ 0.02 - O.OJ - O.OJ 0.05 - 0.04 - 0 .OJ 0.00 
-0.1 8 - 0.13 0.21 0 .1 0 0.08 0.08 0 . 00 0 .01 0.12 - 0.01 0 .00 0.06 
-0. 14 - 0.10 O.J1 0.16 0.16 0.18 0.07 0.08 0. 24 0 .OJ 0.04 0. 17 
Downwind - 0.01 0.02 0 .33 0.22 0.25 0.29 0.19 0.22 0 .J2 0.15 0.16 0 .JO 
l eeward 0.12 0.14 0 . 28 0 . 22 0. 28 O.J2 0. 26 O.JO O.J1 0.25 0.25 O.JJ 
slope 0.19 0.18 0 . 14 0.1 2 0.16 0.21 0.25 0. 27 0.19 0. 26 0 . 26 0. 2J 
0.14 0.12 -0.32 -0.20 - 0.21 -0. 2J - 0.17 - 0 .17 - 0.27 - 0.12 -0.13 - 0 . 2J 
0.05 o.oo - 0.61 - 0.44 - 0.48 -0.52 - 0.4J - 0 .45 - 0 . 57 -0. 38 -O . J9 - 0.52 
OOwrt\Jind 0.04 0.02 -0.06 -0 .07 - 0.06 -0 .06 - 0.06 - 0 . 05 -0.06 -0.05 -0 . 05 - 0.06 
berm - 0.07 -0.09 -0.07 - 0.11 - 0.09 -0. 07 -0.09 - 0.07 -0 .07 -0 .06 - 0.07 - 0.07 
0 
- O.OJ 
0 .,00 
- 0 . 05 
-O.OJ 
- 0.0 2 
- 0.02 
- 0.02 
- 0.02 
-0. 01 
0.00 
0.05 
0.11 
0. 20 
0. 24 
0.21 
- 0.16 
-0.41 
-0.06 
- 0 . 07 
,._. 
ro 
"' 
Table 67. 
Pressure coefficients for cana l two-dimensional models with a leeward slope of 1:1. 5 and a breadth-depth ratio of 5/4 
Approach slope, rati o vertical to horizontal 
1,1 1 '2 1 ,3 
1:4 
---
Stat ic 
pr essure 
Approach slope height, vertical distance related to depth (D) 1 
t ube locations 
on model 20 S0/4 0/ 2 20 S0/4 - 0/2 20 
so/4 0/ 2 20 S0/4 0/2 
- 0.27 -0 .28 -0 .66 - 0.69 -0.79 -0. 85 -0.92 
-0.96 -0 .94 -0 . 83 - 0.67 -0.89 
Upwind -0.29 -0.30 -0 .21 - 0 .35 -0.12 
-0.06 -0.11 - 0.09 - 0 .07 -0.09 -0.08 -0.08 
berm -0.29 -0.23 -0 .05 - 0.05 - 0.02 
0 .01 0.00 0 .02 0 .02 0.00 0.01 0.01 
- 0 .30 -0.2S - 0.03 -0. 04 -0 .02 0.00 - 0.02 0 . 00 
0.00 -0. 02 0 .oo 0.00 
Upwind - 0.27 -0.21 - 0.02 -0.02 - 0.01 
0.01 -0.01 0.01 0.01 0.00 0.00 0.01 
l eeward -0.26 -0.21 o.oo -0.01 -0.02 
- 0.02 -0.03 - 0.02 -0.02 - 0.03 -0.02 -0.02 
slope ·-o. 21 -0.22 0.00 - 0.01 - 0.03 
- 0.04 -O.OS - 0 .04 - 0.04 -o.os -0.04 - 0 .04 
- 0 .26 - 0.21 0.00 - 0.01 - 0 .03 - 0.04 -o.os 
- 0.04 - O.OS - 0 . 05 -0.04 - 0.04 
- 0.24 - 0.18 0.01 0 . 00 - 0.03 - 0 . 04 -0 .OS 
- 0.04 - O. OS - O.OS -0.04 -O.OS 
Bottom -0.27 - 0.21 0.02 o.oo - 0.03 
- 0.05 - 0.06 - 0 .05 - 0.06 -o.os -o.os - 0.06 
- 0.18 -0.14 0.07 0.05 0.01 - 0.01 -0.03 
- 0.02 -0.02 -0.03 -0 .03 -0.02 
-0.19 - 0.1S 0.12 0.08 0.03 0.01 -0 .0 2 
-0.02 -0.01 - 0.02 -0 .02 -0.01 
Downwind -0.10 -0.07 0. 19 0.14 0.10 0.10 
0.04 0 .05 0 . 08 0.04 0.04 0.08 
leeward 0.04 0.05 o. 24 0.20 0 . 19 0.7.2 
0.1S o. 19 0.24 0.1S 0 . 15 0.23 
slope 0.12 0.13 0. 20 0.17 0.19 
0 . 23 0.22 0.22 0. 27 0.17 0 . 18 0.24 
0.16 0 .1 S -0.04 -0.03 0.01 0.03 0.06 
0.06 0 . 06 0.04 0 . 04 0:04 
0 .1 2 0.09 -0.34 - 0. 30 - 0.2S - 0.26 -0.20 
-0.23 - 0 .29 -0.21 - 0.20 - 0.29 
Downwind 0.07 0.05 -0.05 -0.06 - O.OS -o.os 
-0.04 -0 . 04 -o.os -o.os - 0.05 - O.OS 
berm -o.os -O.OS -0.08 - 0 .10 -0 . 08 
- 0.07 -0. 08 -0 .07 -0.08 -0.08 -0. 07 -0.09 
-0.06 
0.00 
0.02 
0 . 02 
0.02 
0.00 
-0.02 
- 0.02 
-0.02 
-0 .03 
0.00 
0.01 
0.07 
0.18 
0. 21 
0.04 
-0.21 
-0 .OS 
- 0 . 09 
r-
oo 
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Tabl e 68. Pressure coefflci.ents for cana l t wo-dimens ional models with a leeward slope of 1 :2 and a breadth-dep t h ratio of 2 
Approach slope, ra t io vertical to horizontal 
1: 1 1:2 1 :3 1 :4 
--
Static 
pr essure Approach slope height, vertical distance related t o depth (D) 
t ube locations 
on model 20 50/4 0/2 20 50/4 0/ 2 20 50/4 0/2 20 50/4 0/2 
-0.24 -0.26 - 0.68 -0.91 -1.08 - 0.86 - 0.84 -0 .8 7 - 0.81 -0.67 -0.63 -0.66 
Upwind -0 .25 -0 . 26 - 0.26 -0.27 -0.10 -0.05 - 0.15 -0.08 -0.04 -0.08 -0.08 -0.04 
berm -0.24 -0.22 -0.20 -0.15 -0.08 -0.05 -0.06 -0.03 - 0.01 -0 . 03 -0.03 -0 . 01 
- 0.25 -0.23 - 0.17 -0.15 -0. 08 -0.07 -0.07 - 0.05 -o .o4 -0.05 -0.05 -0 . 04 
Upwind -0. 24 -0 . 20 - 0.06 -0 .06 -0.04 -0.04 -0.04 - 0.02 -0 .01 -0 .02 -0.02 -0.01 
leeward ·-0. 23 -0.19 -0 . 03 - 0.02 -0. 03 -0.03 -0. 04 -0.02 -0 . 02 - 0 .02 -0 . 02 - 0 . 02 
slope -0.23 -0 . 19 O,Ol - 0.01 -0.03 - 0.03 -0.05 -0 .OJ -0 . 03 -0.03 -0.03 - 0.03 
-0.24 -0 . 19 0.04 0.00 -0.02 -0.0~ -0.05 -0.04 - 0.04 -0.04 -0.03 -0.04 
-0 .22 -0.18 0.07 0.01 -0.01 -0 .03 -0.05 - 0.04 -0.04 -0.04 -0.03 -0. 04 
Bot t om - 0.23 -0.18 0 . 16 0.06 0.01 - 0.01 -0.04 - 0.03 -0.04 -0 . 02 -0.02 - 0 .04 
-0.13 -0.09 0. 25 0.1 3 0 .08 0.06 0.01 0.03 0 .02 0.03 0.04 0.03 
-0. 06 -0.03 0 . 32 0 .18 0.12 0.12 0.04 0.07 0.08 0.06 0.08 0.08 
Downwind 0.05 0.07 0.32 0.22 0.19 0 . 20 0.11 0.15 0.18 0 . 13 0.15 0.18 
l eeward 0. 18 0 . 18 0.27 0.22 0. 22 0.25 0.18 0.22 0. 26 0.19 0.20 0.25 
slope 0.22 0. 21 0.12 0.14 0 . 17 0.17 0.17 0.18 0.19 0.16 0.16 o. 18 
0 .1 6 0.13 -0.27 - 0 .1 7 - 0. 11 - 0.13 - 0 . 07 -0.08 - 0.10 -0.07 -0.08 -0 .09 
0. 05 0.01 -0.63 -0 .45 -0 .36 -0.40 -0.30 -0. )2 -0.3 7 - 0 . 29 -0.31 - 0.36 
Downwind 0.04 0.03 -0.06 -0.06 -0.05 -0.06 - 0.07 - 0.05 -0.05 -0.05 -0.05 -0 .05 
berm -0.05 -0.05 -0.06 -0 . 10 - 0.08 -0.06 -0.09 - 0.06 - 0 .06 -0 . 05 -0.03 -0 .05 
0.02 
0.02 
0.00 
-0. 01 
0 .00 
0.00 
-0.01 
-0. 01 
-0. 01 
0.00 
0.05 
0.07 
0. 13 
0. 17 
0.14 
-0 .0 7 
-0.26 
-0.05 
- 0.05 
..... 
<X> 
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Table 69. Pressure coefficients for canal two-dimensional models wit.h a leeward slope of l :1 .5 and a breadth-depth ratio of 2 
Approach slope , ratio vertical to horizontal 
1:1 1 :2 1 :3 1:4 
--
S t a t ic 
pressure Approach slope height, vertical distance related to depth (D) 
tube locat ions 
on mode l 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 2D 5D/4 D/2 
- 0.26 -0.26 -0 . 61 -0 . 72 -0.76 -1.02 -0 . 81 -0.91 -0.84 -0.61 -0.55 -0.44 
Upwind -0. 27 -0.28 -0.31 - 0.39 - 0.18 -0.06 -0 . 10 -0.08 - 0.06 - 0.08 -0.08 - 0.05 
berm - 0.26 -0.23 - 0.08 - 0.08 -0.06 0.01 -0.03 - 0.01 o.oo 0 . 00 o.oo 0.00 
- 0.28 -0.24 - 0 .01 - 0.04 0.00 0.03 0.00 0 .02 0.02 0.01 0.01 0.02 
Upwind -0.25 -0.21 -0.03 -0.04 -0.04 0.01 - 0 . 03 -0 .01 0.00 0.00 0.00 0.00 
le eward - 0 . 24 -0.20 0.00 - 0.01 -0.02 -0.01 -0.03 -0.02 -0.01 -0.02 - 0.01 -0.01 
sl ope -0.24 - 0.21 0.01 -0.02 - 0.03 - 0.02 -0.04 -0. 03 -0.02 -0.03 - 0.03 -0 .01 
-0 .24 -0.20 0 .01 -0.01 -0.03 -0.03 -0.05 -0.03 -o .02 - 0.04 -0.03 - 0.02 
- 0.23 -0 . 19 0 .02 - 0.01 - 0.02 -0 .03 -0.05 -0.03 -0 .03 -0 . 04 - 0.04 - 0.02 
Bottom - 0.25 -0.21 0.07 0.03 0.00 -0.05 - 0.05 - 0.05 -o .o5 -0.05 -0.04 -0.05 
-0.15 -0.12 0.14 0.09 0.07 0.00 0 . 00 -0 .01 -0. 02 - 0.02 0.00 - 0 . 01 
-0.11 -0.09 0.21 0.15 0.13 0.03 0.03 0.02 0 . 02 -0.01 0.03 0.02 
Downwind -0. 01 0.01 0.26 0.20 0.19 0.12 0.11 0 . 11 0.14 0.06 0.10 0.15 
leeward 0 . 12 0. 12 0 .28 0.23 0.24 0.22 0 . 20 0.22 0.29 0.17 0.19 0 . 30 
sl ope 0.17 0.18 0. 21 0 . 20 0 . 23 0 . 23 0.26 0.27 0.31 0.21 0 . 20 0.32 
0.16 0.16 -0.15 -0 .10 -0.08 -0 .01 -0.01 0.02 0.00 0.02 -0 .01 o.bo 
0 . 10 0.07 -0.41 -0.34 -0.33 -0.26 -0.26 -0.25 -0 .30 -0.21 - 0.23 -0.30 
Downwind 0.07 0.05 -0.05 -0.06 -0.06 -0.05 -0.05 - 0.05 -0.05 - 0.05 -0.05 - 0.05 
berm -0. 07 -0 .06 -0.08 -0.12 -0. 09 - 0.08 -0 . 09 - 0 . 09 -0. 09 -0.09 -0.08 -0 . 09 
0.00 
0.01 
0.02 
0.03 
0.01 
0.01 
- 0.01 
-0.01 
- 0.01 
- 0.03 
0 .01 
0.03 
0.10 
0.20 
0.21 
- 0.01 
- 0 .22 
- 0.05 
-0.09 
~ 
r:p 
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